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Abstract 
The Zinc Bromide Redox Flow Battery (ZBB) has been proposed as a promising storage 
technology for intermediating renewable energy supplies (e.g., intermittent wind and solar) 
and the demands of the electricity grid. While the ZBB is nearing commercial reality, a 
number of known limitations face its widespread operation, namely the sequestration of 
volatile bromine on one half-cell, and complications regarding the electrodeposition of zinc at 
the other half-cell. In this thesis, the fundamental chemistry underlying the operation of the 
ZBB was studied in detail, applying insights and techniques from the growing research area 
of ionic liquids, via spectroscopic, structural, computational and voltammetric methods.  
Studies of the interactions between IL bromide salts and their polybromide addition products 
revealed design parameters for the targeted design of bromine sequestration agents (BSA), 
which are required for the safe sequestration of bromine during the operation of the ZBB. 
Through understanding of the self-assembly of bromide salts in solution, to the manner of 
which H
…
Br interactions influence the relative strength of association and structure of 
growing polybromides, it was found that weakly associating cations resulted in the 
preferential formation of higher polybromides.  
These insights were used to examine the potential of a weakly associated bromide salt for the 
sequestration of high-order polybromides in an all-IL system. A room temperature IL (RTIL) 
mixture was shown to be a robust solvent medium for the sequestration of high-order 
polybromides from large excesses of bromine. The growth of pentabromide to 
undecabromide anions were identified spectroscopically, while a [Br24]
2-
 dianion (the largest 
polybromide species reported to date) was isolated from one of these reaction mixtures. This 
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finding has potential for increasingly energy dense electrolytes for future designs of bromine-
containing redox cells. 
However, the application of some of the salts screened early in this thesis proved to be non-
ideal for application as battery electrolytes due to the precipitation of bromozincate salts from 
the mixture of zinc bromide and IL bromide salts in water. This complexation of 
bromozincate species was shown to influence the voltammetry of the Zn/Zn(II) redox couple, 
demonstrating an unfavourable influence of complexation on the current magnitude, 
reversibility and cyclability of zinc deposition. Herein, ionic liquid cations with lower 
aliphatic character were shown to be favourable agents for use in an aqueous flow battery 
system due to their lessened influence on free zinc deposition. 
This thesis describes the approach, methodology and outcomes of new research designed to 
understand the chemistry underlying that of the ZBB. The work contained herein has 
contributed to zinc, bromine and polybromide chemistry on a fundamental level, as well as 
providing important information for the directed engineering of future battery electrolytes. 
Further outcomes include strengthening the targeted role of ionic liquids in synthetic 
polybromide chemistry and understanding the intricacies of zinc deposition from aqueous 
environments, as has been applied to ZBB test cells to yield improvements in operational 
efficiencies. 
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1.1 Introductory Remarks 
Finding solutions to the problems arising from the long-standing societal reliance on fossil 
fuel-based technologies for the generation of heat, power and chemicals has been widely 
acknowledged as a research priority, with environmental and economic pressures a major 
driver for change.
[1,2]
 In particular, the future of power generation, distribution and utilization 
requires a strong focus on energy efficiency coupled to renewables, leading toward the 
development and optimization of new technologies. Their adoption, in particular regarding 
energy storage technologies, into the whole energy chain from personal, domestic (e.g., in 
combination with solar energy) and vehicle applications all the way to electricity grids is 
central to a modern, low-carbon society. 
This thesis explores the chemistry underlying the Zinc-Bromine Flow Battery (ZBB), a 
promising electrochemical storage technology that has been promoted as an inexpensive 
method to supply large volumes of power over extended periods of time in applications such 
as large-scale power back-ups as well as an intermediary between renewable energy sources 
and their successful integration into the electrical grid.
[3]
 
Research outcomes enabling the rational design of more efficient and effective units, based 
on a deep examination of the underlying fundamentals represent the bulk of this thesis, while 
this chapter briefly summarizes the its overall logic and structure. 
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1.2 Electrochemical Storage 
The increasing interest in electrochemical energy storage comes from several sources, the 
first of which is the inefficient and needlessly complex design of current electricity grids. 
Australia’s National Electricity Market (NEM), for example, consists of over 40,000 km of 
transmission lines for a total generating capacity of 50,000 MW.
[4,5] 
In this high capacity 
system, as much as 10% of all generated power is lost to transmission (through electrical 
resistance and conductor heating). In certain transmission situation that number can be larger 
than 50%.
[6]
 This highlights a major inefficiency in the current grid system and points toward 
the benefits of minimizing transmission losses through decentralization of national electricity 
grids. Indeed, this highly stressed system has resulted in a rapidly increasing cost of energy 
with the increasing demand on its resources,
[6]
 pushing many consumers toward the 
consideration of ‘off-grid’ options such as domestic photovoltaic solar systems.[7,8] 
A related issue is the push away from traditional fossil-fuel based sources of electricity 
generation, a priority that has been recently recognized by the major stakeholders of 
Australia’s energy markets.[2] In Australia, the uptake of renewable energy as a mainstream 
energy source has been predicted to rise from a 10% overall input in 2011
[6]
 to a figure as 
high as 50% by the year 2050
[9,10] 
(see Figure 1.2.1 for the predicted contribution in terawatt 
hours for selected technologies). In this proposed transition from fossil fuels, the issue of 
intermittency in supply of wind and solar energy (e.g., gusting wind currents and 24 hour 
solar cycles) needs to be overcome for its successful implementation. This intermittency is a 
significant disadvantage relative to coal-based power generation, which can be delivered to 
the end-user on demand.  
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Figure 1.2.1. Predicted Australian electricity mix from 2012 to 2050 (modified from 
[6,10]
) 
 
In contending with the intermittency of renewable energy, electrochemical storage devices 
such as the ZBB have been proposed as a potential solution. Such a system would allow for 
energy to be stored in times of peak supply before being returned to the grid when required. 
This can occur on both the short-term (e.g., through the curtailing of energy peaks from 
gusting winds), and the medium to long-term (e.g., shifting energy stored from solar input 
peaks during the day to required usage in the evening).
[11]
 Energy storage has been achieved 
in the past through physical means such as pumped-storage hydroelectricity, flywheel farms 
and compressed air, however, these technologies are often space intensive and geography 
dependent, with considerable start-up capital requirements further adding to the 
disadvantages of physical storage methods.
[12,13] 
Thus, electrochemical storage is generating 
increasing research interest as it continues to be demonstrated as a plausible energy source 
intermediary.
[14-16]
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Electrochemical storage is achieved through electrochemical cells, or batteries, which involve 
the conversion of chemical energy into electrical energy via the oxidation and reduction of 
electroactive components. The primary requirements for a cell are: the electrode, which 
facilitates the flow of electrons and provides the active surface; the electrolyte, which 
contains the active species and allows the passing of current; and a separator or salt bridge, 
which prevents the migration of redox products to the opposing electrode while retaining 
charge neutrality across the system. The role of a battery is to create stored chemical energy 
from the input of electrical energy during the charging phase, and on drawing a current, 
releasing that chemical energy as electricity.  
Although high energy density primary cells such as the lithium-ion battery have proven their 
potential in the electricity grid,
[15,16]
 constraints on lithium supplies have raised concerns with 
its widespread adoption in utility applications.
[17-19]
 Further, for conventional battery systems, 
the limiting electrolyte volume and electrode surface area requires other methods to increase 
capacity, such as the arrangement of multiple systems in a series, which can create multiple 
points of system failure. In response, a class of batteries featuring a flowing, external 
electrolyte as a point of difference have been reported in the literature and demonstrated. 
These are termed flow batteries.
[20] 
Flow batteries have been in development since the early 1970s.
[21]
 They are unlike 
conventional battery systems in that they contain two external electrolyte tanks that can be 
filled with large volumes of replenishable electrolyte (see Figure 1.3.1 for a schematic of the 
zinc bromide flow battery). The electrode compartments at the center of the cell can be 
arranged in stacks, which effectively establish the advantages of a battery series, while 
retaining an independent system. A semi-permeable membrane (or separator) separates the 
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anode and cathode of the cell stack preventing the migration of charged species to the 
opposite electrode. Each tank contains a fluid electrolyte with the cathode and corresponding 
anode permitting electron input in a charging phase, effectively storing energy chemically in 
its fluid electrolyte, or in a related second phase (e.g., as an electrodeposited metal or 
precipitated insoluble liquid). Traditionally, this has been achieved by simple redox reactions 
of salts, and may take the form of countless redox couples, as summarized chronologically in 
Table 1.2.1. It is beyond the scope of this thesis to compare and contrast the many available 
redox couples.  
Table 1.2.1 Historical overview of some important redox couples in flow cell development
a
 
Year Cathode Anode Year Cathode Anode 
1973 
1974 
1978 
1979 
1979 
1981 
1982 
1984 
1985 
2002 
2003 
2004 
zinc chlorine 2005 lead lead oxide 
iron chromium 2007 zinc nickel 
zinc bromine 2008 copper lead oxide 
zinc ferricyanide 2009 cadmium chloranil 
iron titanium 2009 zinc air 
chromium chlorine 2011 vanadium iron 
manganese chromium 2011 vanadium air 
vanadium vanadium 2011 lithium ferricyanide 
sulfur bromine 2013 sodium/zinc chlorine 
vanadium cesium 2013 hydrogen bromine 
vanadium mixed halide 2014 quinones (various) bromine 
zinc cesium 2015 aluminium chlorine 
[a] Dates and chemistries taken from: 
[14,21-26]
 
 
- 7 - 
 
1.3 The Zinc Bromide Flow Battery 
The concept of a zinc bromide battery was first described in 1885,
[27]
 but was not developed 
until the 1970s, where it was one of the earliest of the flow batteries with which significant 
research momentum was reached.
[28,29]
 Shown schematically in Figure 1.3.1, the ZBB 
comprises an anode that promotes the electrodeposition of zinc and a cathode that generates 
bromine on the charging phase (Equations 1.3.1 and 1.3.2).  
 
Figure 1.3.1. Schematic diagram of the zinc bromide flow battery showing charge and discharge 
cycles. See Equations 1 and 2 for associated electrochemical processes.  
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 Zn
2+
 + 2e
-
  Zn0    (1.3.1a – charging) 
2Br
-
  Br2 + 2e
-
     (1.3.1b – charging) 
Zn
0
  Zn2+ + 2e-    (1.3.2a – discharging) 
Br2 + 2e
-
  2Br-    (1.3.2b – discharging) 
The electrolyte is an aqueous solution of zinc bromide and various supporting electrolytes. A 
polybromide complex is formed from the sequestration of electrochemically generated 
bromine (Equation 2b) by a quaternary ammonium bromide salt (explored in detail in 
Chapter 2), forming a water-insoluble phase which can be stored in a reservoir tank or settled 
within the main cell. Once charged, the cell stores its chemical energy as two distinct phases: 
a dense polybromide complex, and as the electrodeposited zinc metal. On discharge, the 
electrolyte is circulated by way of a pump, with the oxidation of zinc metal and reduction of 
bromine resulting in the regeneration of the starting zinc bromide solution. 
The ZBB has advantages over competing redox couples, including a high energy density of 
65–75 Wh kg–1 (theoretically 440 Wh kg–1 on the redox couple alone, full achievability 
limited by solubility and resistance considerations), a competitive cell voltage of 1.82 V, a 
capacity for deep discharge cycling, and the abundance as well as low cost of its 
reactants.
[3,14,30]
 However, while the ZBB has been in development for over thirty years, key 
issues have prevented its widespread deployment. Indeed, resolutions to engineering 
problems such as the prevention of bromine diffusion across the membrane
[31]
 and the 
suppression of dendritic zinc growth
[32,33]
 are part of ongoing research and development. 
Indeed, the control of the electrochemically generated bromine is probably the most vital 
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component of present research efforts, and is explored in detail in Chapters 2, 3 and 4. The 
control of the important zinc electrodeposition modes is investigated in Chapter 5. As it 
stands ZBB flow batteries are a promising technology, poised for full commercial 
breakthrough in a world with increasingly pressing needs for decarbonization, and one that is 
currently provided commercially in Australia (RedFlow Ltd.), the USA (ZBB Energy Corp, 
Primus Power) and China (Smart Energy, ZBEST Power).  
Historically, the advance of battery technology has followed the rise of specific industrial 
applications. For example, lead-acid batteries saw widespread adoption throughout the 20
th
 
century after their application in motor vehicles, while lithium-ion batteries (which in many 
cases superseded primary nickel-cadmium batteries) became widespread after finding use in 
high demand consumer electronics. Thus, any notable adoption of flow battery technology 
will follow the needs of an industrial application that is driven by societal need. With the 
aforementioned demand for new components of electricity grids, electrochemical energy 
storage has firmed as the next big leap in battery science.  
However, the progress of energy storage is dependent upon the synergistic leap in the 
materials science and chemistry that underlie the basics of the battery’s design. This thesis 
aims to provide fundamental foundation to help address some of the remaining issues that 
have limited application thus far. 
1.3.1 The Possibilities of Ionic Liquids 
The potential for ionic liquids (IL) as components of flow cell electrolytes is high, and this 
thesis applies many insights from the IL literature in order to further understand the chemistry 
of the ZBB. Despite being known for over a century (the room temperature liquid salt 
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ethanolium nitrate was reported in 1888),
[34]
 it took until the late 1990’s for the exploration of 
ionic liquids to find significant research momentum.
[35]
 Commonly defined as salts that are 
liquids below 100 °C (a temperature that is easily workable and attainable in any 
conventional laboratory) ionic liquids rapidly became a new and exciting research area. The 
field now stands as a popular research topic, primarily focusing on the credentials of ionic 
liquids as green alternatives to commonly used materials owing to their potential for 
negligible vapour pressures, broad liquidus ranges, robust reactivities and broad capabilities 
as solvents.
[35,36]
 Of specific interest to this thesis is their capacity to act as electrolyte 
additives (e.g., structurally related salts are commonly used in the ZBB,
[37]
 see Chapter 2) or 
alternative solvent media for volatile reagents such a bromine (see Chapter 3). 
The advantages of ILs in electrochemical applications lie in their potentially highly 
conductive nature relative to conventional organic solvents,
[38]
 broad electrochemical 
stabilities,
[39]
 and tunable physical characteristics (e.g., prevention of interference from water-
metal chemistries).
[38,40]
 Specifically for metal-containing redox systems, ILs have been 
shown to be good alternative solvent systems for the deposition of metals in place of their 
conventional electrolytes (for example: chromium,
[41]
  zinc,
[42,43]
 lead
[44]
 and copper
[45]
). Their 
wide electrochemical windows, the high solubility of metal salts in ILs and the potential for 
hydrophobic systems can extend the range of metallic deposition materials. This can allow 
for the deposition of, for example, water-sensitive materials that typically form passivating 
oxide layers in conventional aqueous systems.
[40]
  
Thus, the implementation and understanding of the many intricacies of ionic liquid chemistry 
may represent the basis for the materials leap in battery science required to enable pervasive 
adoption into electrochemical storage systems. Indeed, near to the time of publication of this 
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thesis, a first-generation aluminochlorate ionic liquid (1-ethyl-3-methylimidazolium 
aluminotetrachlorate) was successfully integrated into an ultra-fast rechargeable cell,
[23]
 
demonstrating the potential of ILs in high-throughput electrochemical systems. 
1.4 Thesis Scope 
This thesis describes new research designed to understand the chemistry underlying that of 
the Zinc Bromine Flow Battery (ZBB). Using a range of techniques including Raman and 
NMR spectroscopies, computational methods, electron microscopy and electrochemistry, 
components of the battery that have been identified as limiting factors were investigated. This 
research has allowed for progress towards rational improvements in battery design. The work 
contained throughout this thesis has contributed also to zinc, bromine and polybromide 
chemistry on a fundamental level (including the current world-record for largest polybromide 
– an achievement based on the elucidation of fundamental design principles). Further 
outcomes include strengthening the targeted role of ionic liquids in polybromide chemistry 
and understanding the intricacies of zinc deposition from aqueous environments, as has been 
applied to ZBB test cells to yield improvements in operational efficiencies. 
Chapter 2 investigates the factors influencing the formation of polybromide compounds in 
solution, yielding directed design parameters for idealized bromine sequestration agents. 
Chapter 3 develops upon that study to identify an array of polybromide anions in a room-
temperature ionic liquid system, including (as mentioned above) the isolation of the largest 
known polybromide compound reported to date. Chapter 4 reviews the remarkable diversity 
of polybromide anions and the role of supporting cations as templates, with a significant 
re-interpretation of the existing literature. Chapter 5 investigates the influence of common 
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ionic liquid bromide salts on the Zn/Zn(II) redox couple, exploring unusual zinc deposition 
mechanisms, and thus, parameters for bromide salt additives that favour reversible zinc 
electrochemistry. Meanwhile, Chapter 6 concludes the findings of this thesis, summarizes 
preliminary work in a ZBB test cell, and suggests additional research that would continue 
logically from the findings contained within this thesis. The Appendix summarises the 
crystallographic details for those compounds that were structurally determined in this thesis. 
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Chapter 2: Factors influencing the 
formation of polybromide monoanions in 
solutions of ionic liquid bromide salts  
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is an expanded version of a manuscript of the same name that was submitted for 
publication in Chemistry: A European Journal in May, 2015. 
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2.1 Introduction 
Ionic liquids (IL) are low-melting ionic compounds, often characterized by the advantages of 
wide thermal and electrochemical stability, low volatility, and large liquidus ranges.
[35,36,46]
 
These unique properties are a result of the generally bulky, delocalized and/or asymmetric 
nature of their constituent ions, which greatly influences the packing of the ions.
[47-49]
 These 
complex ionic structures lead to a number of competing solution effects. Modes of ionic 
interaction in solution include the Coulombic attraction of ion pairs (which provides short-to-
medium range ordering),
[47,50]
 halogen bonding,
[51]
 longer-ranging lipophilic attraction with 
an increase in alkyl-chain length,
[52-54]
 directionality induced by hydrogen bonding between 
ions
[48,55]
 and, for aromatic ions, π-π interactions.[56] These forms of interaction within an 
ionic liquid matrix give rise to many of the advantages associated with ionic liquids, i.e., they 
are inherently tailorable (and, thus, controllable) pure solvents or additives to existing solvent 
matrices.  
The polybromide formation behavior of ionic liquid bromide salts, which are important in 
fields as diverse as carbon nanotube modification,
[57]
 water treatment,
[58]
 battery technology
[3]
 
and synthetic chemistry,
[59,60]
 is not well understood. Here, we set out to examine the 
interactions that control the extent of polybromide formation so as to generate design criteria 
for ionic liquid systems.  
In order to efficiently stabilize high concentrations of volatile bromine in solution in 
applications such as flow batteries,
[3]
 additives known as bromine sequestering agents (BSAs) 
are often used  to stabilize the bromine molecules as polybromide anions. However, little 
work has been performed to elucidate the chemical properties that an ideal BSA should 
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possess. While BSAs have conventionally been quaternary amines such as 1-ethyl-1-
methylpyrrolidinium bromide ([C2MPyrr]Br), many other similar bromide salts have been 
used to sequester bromine
[61-72]
 and the choices are limited in scope only by the presence of 
an available bromide anion within the ion pair. 
Polybromide monoanions are typically formed via addition reactions between bromine and a 
bromide (Equation 2.1.1), or a polybromide (Equation 2.1.2) salt –  
[Q][Br]     +     Br2    ⇌     [Q][Br3]                             (2.1.1) 
[Q][Brx]     +     nBr2    ⇌     [Q][Br(2n+x)]          (2.1.2) 
– where Q represents the cation. Here, the bromide anion acts as a Lewis base to donate 
charge from its HOMO to the anti-bonding LUMO of individual Br2 molecules,
[73,74]
 with 
discrete mono-anions (Br3
–
 to Br11
–[61,63]
), dianions (such as Br8
2–[68]
 and Br10
2–[69]
) and 
infinite networks
[62,64,75,76]
 having been previously identified. Polybromides require 
appropriate cations to stabilize their structures, but the screening of these compounds has 
been limited to their physical properties,
[77-80]
 or by particular performance criteria for a given 
application.
[37,81-83]
 To date, there has been no detailed study undertaken to develop a 
chemical understanding of how cation selection influences and controls the formation of 
polybromide species in solution, and thus no known design parameters have been derived for 
improved sequestering agents. 
Our work examines six structurally related cations commonly used in the field of ILs (n.b., 
not necessarily classed as ILs in their pure form, see Section 2.4.1.) that are capable of 
forming polybromide species from their bromide salts (Figure 2.1.1). Using the conventional 
BSA, [C2MPyrr]Br, 3Br, as a starting point, cation structures were modified and investigated 
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in order to probe structure–activity relationships. The cyclic 1-ethyl-1-methylpiperidinium 
bromide ([C2MPip]Br, 2Br) and its aromatic analogue, 1-ethylpyridinium bromide ([C2Py]Br, 
5Br) were compared, as was an analogue of [C2MPyrr]Br 3Br, the five-membered 
delocalized cation of 1-ethyl-3-methylimidazolium bromide ([C2MIm]Br, 4Br). The non-
cyclic tetraethylammonium bromide ([N2,2,2,2]Br, 1Br) and the hydroxyl-substituted 1-(2-
hydroxyethyl)pyridinium bromide ([C2OHPy]Br, 6Br) were also studied. Based on the 
observed polybromide-forming efficiency of these cations, we present a detailed mechanistic 
description of cationic influence over bromine sequestration. 
 
 
 
Figure 2.1.1. Shorthand notation to describe the cations used in this study; [N2,2,2,2], 1; [C2MPip], 2; 
[C2MPyrr], 3; [C2MIm], 4; [C2Py], 5; [C2OHPy], 6. 
 
2.2 Results and Discussion 
2.2.1 Polybromide Stabilization via H···Br interactions  
Examination of the polybromide literature shows a clear connection between hydrogen-
induced stabilization modes and anionic polybromide structures.
[65,66,75]
 Growing 
polybromide species are shown by diffractive means
[65,75]
 to be stabilized by short contacts 
with hydrogen atoms in crystalline environments. These H···Br contacts range from those 
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consistent with bromine-hydrogen bridge bonding (2.40–2.90 Å[84]) to longer-ranging 
Madelung-type interactions.
[62]
 
To probe these stabilizing effects, several 
1
H NMR experiments were performed to examine 
whether certain modifications of the proton environments of IL cations are correlated with 
larger polybromide anions. Thus, solutions of the bromide salt (0.5 M) in mixtures of 
deuterated methanol and acetonitrile (ratio 5:95) were analyzed by 
1
H NMR prior to and after 
sequential addition of bromine at Br2:Br
– 
molar ratios of 0.5, 1.0, 1.5 and 2.0:1. The solvent 
system was selected due its ability to dissolve each IL and the resulting polybromides at the 
required concentrations for study. Additionally, the solvent system was advantageous due to 
it being spectroscopically inactive in the regions of interest for 
1
H NMR and Raman (Section 
2.2.2) spectroscopies. Clearly, the solvent differs from that used currently in battery 
applications, but for the fundamental study reported in this thesis, a solvent system that meets 
these criteria was required.  The choice of solvent might be expected to influence the 
phenomena discussed in this chapter by methods not studied, however, as the same solvent 
was used in all measurements, we make the assumption that its effect is near constant in this 
system. 
Plots of the change in the proton chemical shifts with bromine addition (i.e., associated with 
the formation of polybromides) are shown in Figure 2.2.1. Here, negative ∆δ values (where 
∆δ refers to the difference between the proton chemical shift of dibromine-containing 
samples and that of the starting bromide salt) represent upfield shifts in the 
1
H NMR 
spectrum, and are ascribed to shielding of the proton’s electric field via the input of electron 
density from the growing polybromide anion. In other words, it is proposed that the localized 
increase of electron density from the polybromide system is coupled to the positively-charged 
components of the cation, resulting in increased shielding of those protons able to interact 
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most closely with the polybromide system, thus resulting in upfield shifts in the NMR 
experiment. 
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Figure 2.2.1. Changes in 
1
H NMR chemical shifts of the supporting cations upon addition of bromine 
to form polybromide anions: a) [C2MIm]Br, 4Br; b) [C2Py]Br, 5Br; c) [C2OHPy]Br, 6Br; a) 
[N2,2,2,2]Br, 1Br; b) [C2MPip]Br, 2Br; c) [C2MPyrr]Br, 3Br. 
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The reported ∆δ values are generally seen to be of the greatest magnitude for the C2 protons 
alpha to the positively-charged nitrogen atom for each salt. For the more charge localized 
cyclic cations [C2MPyrr]
+
 3 and [C2MPip]
+
 2, the C2 α-proton of the ethyl group experiences 
the greatest change in chemical shift, followed by the in-ring α-protons.  
Conversely, all β-protons in the cyclic charge-localized cations are minimally downfield 
shifted on polybromide formation. For the [N2,2,2,2] cation 1, the four equivalent α-protons are 
similarly shifted upfield, while the four equivalent β-protons are shifted downfield. This 
demonstrates the dominant mode of interaction of bromine with these cations, i.e., H···Br 
interactions occur as expected at the protons alpha to the localized nitrogen cation. The small 
downfield shifts of all the β-protons in the NMR spectrum are likely due to a deshielding 
effect from their adjacent proton systems, which experience increased electron density.    
For the aromatic cation [C2MIm]
+
 4, the acidic C2 proton experiences the most dramatic 
change in chemical shift (–0.72 ppm) observed for any of the cations studied. This is 
consistent with its well-known hydrogen-bonding properties.
[48,55]
 The resonances of the two 
other protons within the five-membered aromatic ring are shifted upfield (the reactivity of 
these protons has already been described elsewhere
[55]
) at about 10% of the ∆δ value of the 
C2 imidazolium proton. In the case of the pyridinium cation 5, the most significantly shifted 
protons are the two equivalent in-ring α-protons followed by the C2 α-proton of the ethyl 
group, while the other ring-bound protons experience minor upfield shifts. This observation is 
consistent with the known hydrogen-bond-donor ability for the aromatic protons in, for 
example, the ionic liquid [C4Py][BF4].
[85]
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It is notable that the [C2MIm]
+
 4 and [C2Py]
+
 5 cations experience H···Br interactions across 
their delocalized cation rings. This is, again, consistent with a polybromide product 
interacting with the distributed cationic charge.  
Interestingly, the hydroxyl-substituted [C2OHPy]
+
 cation 6 exhibits 
1
H NMR behavior that 
resembles the charge-localized group of cations (Figure 1). Subsequent to the addition of 
bromine, only its α-protons are shifted to negative ∆δ values, with the β-protons shifted in the 
opposite direction, as is the case for the localized cations. Unfortunately, the 
1
H NMR signal 
for the hydroxyl component was unable to be observed on bromine addition due to proton 
exchange, but it is highly likely that this proton will be the most strongly interacting with 
polybromide anions. The seemingly unusual results for the 
1
H NMR titration of bromine in 
the [C2OHPy]Br solution can be explained by the DFT energy-minimized structure of its 
pentabromide salt, vide infra. Here, the high reactivity of the hydroxyl substituent can be seen 
to direct the pentabromide ion, resulting in dominant H···Br interactions between protons 
alpha to the nitrogen atom rather than across the aromatic ring face. 
The ∆δ values for the most significantly shifted protons at the highest loading of bromine 
(2.0:1) are summarized in Table 2.2.1. The greatest negative change in ∆δ values is observed 
for those cations that possess a delocalized charge, in the order of [C2MIm]
+
 (–0.719 ppm) < 
[C2Py]
+
 (–0.343 ppm) < [C2OHPy]
+
 (–0.195 ppm). These values are significantly greater than 
the cations possessing localized charges: [C2MPip]
+
 (–0.123 ppm) < [C2MPyrr]
+
 (–0.109 
ppm) < [N2,2,2,2]
+
 (–0.049 ppm). The difference in magnitude of ∆δ values correlates with the 
degree of interaction between the growing polybromide anion and the cation-bound protons, 
i.e., the more negative ∆δ values are associated with a greater degree of interaction. We will 
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show that this is largely driven by the accessibility of the cationic charge, which is largely 
determined by sterics and structure. 
 
 
Table 2.2.1. Summary of the largest magnitude changes in 
1
H NMR chemical shift (∆δ, ppm) 
for cation-bound protons exposed to 2.0 molar equivalents of Br2 relative to the chemical 
shift of the starting bromide salt. Proton labels in brackets refer to the structures given in 
Figures 1 and 2. 
Cation ∆δ, ppm (proton) ∆δ, ppm (proton) ∆δ, ppm  
(proton) 1 [N2,2,2,2]
+
 –0.049 (α) — — 
2 [C2MPip]
+
 –0.123 (α’) –0.119 (α) –0.082 (α”) 
3 [C2MPyrr]
+
 –0.109 (α) –0.091 (α’) –0.065 (α”) 
4 [C2MIm]
+
 –0.719 (α) –0.154 (α’) –0.053 (α”) 
5 [C2Py]
+
 –0.343 (α’) –0.108 (α) –0.039 (β’) 
6 [C2OHPy]
+
 –0.195 (α’) –0.109 (α) — 
 
2.2.2 Polybromide-forming ability of IL bromide salts 
Raman spectroscopy is a well-established method for characterizing polybromide 
monoanions, with Raman absorptions for [Br3]
–
 to [Br13]
–
 having been identified or 
calculated in the region of 160–310 cm–1.[61,63,75] Thus, Raman spectroscopy was used to 
examine the speciation of the polybromide anions formed on addition of bromine at 
dibromine-to-bromide molar ratios of 0.5, 1.0, 1.5 and 2.0:1, which are stoichiometrically 
appropriate amounts for polybromide growth from tribromide to pentabromide species. 
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Figure 2.2.2 shows the spectra for the polybromide species identified for the [C2MPyrr]
+
 
cation 3, wherein Raman intensities for the tribromide species 3Br3 (characterized by the 
symmetric and asymmetric stretches at 163 and 190 cm
–1
, respectively)
[86,87]
 increase from 
the 0.5 to 1.0 sample, before a concomitant decrease occurs that is associated with the 
development of absorptions of the pentabromide  species (3Br5, 253 and 210 cm
–1
 for 
symmetric and asymmetric stretching modes),
[61]
 which dominate the 2.0:1 sample.  
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Figure 2.2.2. Raman spectra from the [C2MPyrr]Br (3Br) solution with sequential additions 
of 0.5 molar equivalents of bromine to bromide salt: a) tribromide symmetric stretch; b) 
tribromide asymmetric stretch, c) pentabromide asymmetric stretch; and d) pentabromide 
symmetric stretch. 
For each IL solution, three replicate experiments were performed, with the Raman intensity 
ratios of pentabromide to tribromide (I5:I3) plotted as a function of bromine added (Figure 
2.2.3). This shows a variation in the preferential formation of the pentabromide over the 
tribromide species between samples, with higher ratios indicating a greater propensity for the 
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formation of the pentabromide species. At 1:1, only a small variation in polybromide 
formation preference is observed between samples. However, at molar excesses of bromine, 
significant variation is apparent. The [N2,2,2,2]
+
 (1, 1.69 ± 0.03), [C2MPip]
+
 (2, 1.61 ± 0.04) 
and [C2MPyrr]
+
, (3, 1.56 ± 0.03) cations are associated with much higher I5:I3 ratios than are 
their charge-delocalized [C2MIm]
+
 (4, 1.50 ± 0.02) and [C2Py]
+
 (5, 1.42 ± 0.01) analogues at 
the 2.0:1 molar ratio, with the [C2OHPy]
+
 cation (6, 1.33 ± 0.03) the least likely to form a 
pentabromide anion in preference to the tribromide anion (Table 2.2.2).  Here, the salts with 
higher I5:I3 ratios represent a preferential formation of the higher-order polybromide, while 
the lower ratios represent a greater resistance to formation of the pentabromide, likely 
resulting in the presence of uncomplexed bromine in solution.  
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Figure 2.2.3. Raman intensity ratios of pentabromide-to-tribromide resonances (I5:I3) with volumetric 
addition of bromine to various bromide salts (see also Table 2.2.2). 
 
This apparent variation in bromine sequestering efficiency is related to the structure of the 
cation (vide infra). A decreased ability to produce the higher-order polybromide is observed 
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for those cations with delocalized cationic charges. However, it is not necessarily the 
distribution of the positive charge that dictates the behavior observed. Rather, we propose the 
relative accessibility of the cationic charge to the Br
–
 counterion to be the controlling factor 
for the role of the cation in bromine sequestration. The bromide salts capable of producing 
higher-orders of polybromide anions all possess ‘insulated’ cationic sites, with their positive 
nitrogen atoms sterically shielded by four adjacent carbon atoms. We propose that this 
lessens the electronic influence of the cation over the bromide counterion in the initial ion 
pair, allowing the Br
–
 to participate more readily in halogen bonding with dibromine 
molecules. Conversely, the salts that are limited in their polybromide-forming capacity 
possess open-faced cation rings (a consequence of their sp
2
 hybridized carbon atoms), 
allowing for less hindered access between the cation and the bromide anion. Thus, this 
decreases the capacity of the bromide ion to halogen bond because of its reduced negative 
charge. 
This hypothesis correlates well with the magnitude of the ∆δ values (Table 2.2.1), whereby 
the proton environments of the cations most strongly influenced by their polybromides in the 
1
H NMR bromine titration exhibit lower I5:I3 ratios.  
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Table 2.2.2 Intensity ratios of pentabromide to tribomide resonances (I5:I3) observed in the 
Raman spectra of sequential additions (at molar ratios of n:1) of bromine to bromide salt 
 Molar Ratio (Br2:Br
–
) 
Cation 1.0:1 1.5:1 2.0: 1 
1 [N2,2,2,2]
+
 0.24 ± 0.01 0.96 ± 0.01 1.69 ± 0.03 
2 [C2MPip]
+
 0.24 ± 0.02 0.90 ± 0.01 1.61 ± 0.04 
3 [C2MPyrr]
+
 0.22 ± 0.00 0.87 ± 0.02 1.56 ± 0.03 
4 [C2MIm]
+
 0.22 ± 0.02 0.83 ± 0.03 1.50 ± 0.02 
5 [C2Py]
+
 0.20 ± 0.00 0.81 ± 0.01 1.42 ± 0.01 
6 [C2OHPy]
+
 0.19 ± 0.02 0.75 ± 0.02 1.33 ± 0.03 
2.2.3 Examining polybromide formation through DFT methods 
To further investigate the role of IL cations in polybromide formation, standard density 
functional theory (DFT) calculations were performed with Gaussian 09.
[88]
 Geometries and 
energies were obtained at the M05-2X/6-31G(d) level
[89]
 with the SMD continuum solvation 
model.
[90]
 The parameters for acetonitrile were used in conjunction with the SMD model in 
order to best reflect the experimental reaction conditions. The vibrational frequencies of 
stationary points were inspected to ensure that they corresponded to minima on the potential 
energy surface. Zero-point vibrational energies and thermal corrections to enthalpy and 
entropy at 298 K, derived from scaled M05-2X-D3/6-31G(d) frequencies,
[91]
 were 
incorporated into the total energies. All relative energies are reported as solvation-corrected 
298 K free energies in kJ mol
–1
. By this methodology, energy-minimized structures of the 
bromide, tribromide and pentabromide salts of the cations studied were obtained, with free 
energies of binding and the natural bond orbital (NBO) charges on selected H atoms and Br
–
 
ions also determined.  
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On modelling the pairing of solvent-separated [Q]
+
 and [Br]
–
 ion-pairs by the above DFT 
protocol, we observe that the cation most receptive to ion pairing is [C2OHPy]
+
 (6, with a 
Gibbs free energy (∆Gip) value of –58.0 kJ mol
–1. For ease of comparison, the ∆Gip values for 
the formation of the other bromide salts are reported relative to this value (i.e., ∆∆Gip).  
Table 2.2.3. Summary of data derived from modelling the ion-pairing step between an IL 
cation and a bromide anion (solvent-separated) by DFT methods. 
Cation 
∆∆Gip
[a]
 
(kJ mol
–1
) 
n = 0  1 
shortest H···Br 
contact (Å)
[b]
 
charge (H)
[c]
 charge (Br
–
) 
1 [N2,2,2,2]
+
 42.0 2.648 +0.278 –0.939 
2 [C2MPip]
+
 29.9 2.658 +0.275 –0.922 
3 [C2MPyrr]
+
 28.5 2.671 +0.276 –0.928 
4 [C2MIm]
+
 32.7 2.485 +0.299 –0.930 
5 [C2Py]
+
 31.4 2.509 +0.296 –0.929 
6 [C2OHPy]
+
 0
[a]
 2.275 +0.55 –0.879 
[a] ∆∆Gip refers to ∆Gip values relative to [C2OHPy]Br (–58.0 kJ mol
–1
). 
[b] See Figure 5 and Supporting Information for measurements of other close H···Br contacts. 
[c] Charge value from discrete cation (i.e., in absence of counterion). 
The results listed in Table 2.2.3 reveal [N2,2,2,2]
+
 1 as the cation most resistant to ion-pairing, 
with a ∆∆Gip value of 42 kJ mol
–1
. Notably, this compound demonstrates the highest I5:I3 
ratio (while the I5:I3 ratio of [C2OHPy]
+
, (6), is the lowest of the salts studied), giving 
credence to the hypothesis that ‘insulated‘ cationic charges influence the anion less, freeing it 
for halogen bonding. While the ∆∆Gip values for the two extreme cases of 1 and 6 correlate 
well with the other experimental observations, modelling of salts 2 – 5 does not reveal a 
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significant structure-related trend for the calculated free energies of ion-pairing, with all 
values within 4 kJ mol
–1
 of one another. 
However, on examining the H···Br contacts within the energy-minimized structures of 
[Q][Br] ion-pairs (Figure 2.2.4), we see a good correlation between the shortest H···Br 
contacts and the trend of polybromide sequestration capacity as determined by Raman 
spectroscopy. Table 2.2.3 reveals the O-H···Br contact of [C2OHPy]
+
 to be the shortest 
(2.275 Å) of all the ion-pairs studied. In turn, the charge on this hydroxyl proton is calculated 
to be surprisingly high at 0.505 (where a value of +1 or –1 refers to an ‘ideal‘ cation or anion, 
respectively). The influence of this strongly hydrogen-bonding substitutent can be further 
surmised from the charge calculated for the Br
–
 counterion (–0.879). This demonstrates that 
the strong influence of this proton on the Br
–
 charge is partially responsible in limiting the 
capacity of the anion for polybromide formation. Thus this strong H···Br interaction reduces 
the electron density of the Lewis basic bromide ion that is required for halogen bonding. 
More generally, the calculated H···Br contacts for the cations 1 (2.648 Å), 2 (2.658 Å) and 3 
(2.671 Å) are all significantly longer than those less strongly sequestering cations 4 (2.485 
Å), 5 (2.509 Å) and 6 (2.275 Å). In turn, the shorter calculated H···Br contacts are associated 
with a more positive calculated charge on the H atom in the uncomplexed cation.  
The values for the Br
–
 charge (Table 2.2.3) in the [Q][Br] ion-pairs show a correlation on 
comparison of the two extremes, with the bromide ion of [N2,2,2,2]Br possessing a value of –
0.939 compared with –0.879 for [C2OHPy]Br. This lends insight to the electronic influence 
of the cation over the bromide anion. However, the values for the intermediate data points do 
not appear to vary significantly from one another. Although the information yielded from 
modelling the initial ion-pairing step does not correlate perfectly with experimental 
- 28 - 
 
observations (likely due to comparing the results of a solvated cation and anion with the 
many competing effects in solutions of ILs), evidence can clearly be seen in support of our 
hypothesis, relating greater accessibility of the cationic charge to the dampening of the 
efficacy of the bromide ion in halogen bonding.   
 
Figure 2.2.4. DFT energy-minimized structures for the bromide salts of the studied cations: 
[N2,2,2,2]Br, 1Br; [C2MPip]Br, 2Br; [C2MPyrr]Br, 3Br; [C2Mim]Br, 4Br; [C2Py]Br, 5Br; [C2OHPy]Br, 
6Br. Spheres represent: carbon (dark grey); hydrogen (light grey); bromine (red); and, oxygen 
(purple). 
 
1Br 2Br 3Br 
4Br 5Br 6Br 
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We have also modelled the successive addition reactions of bromide-to-tribromide (Figure 
2.2.5) and tribromide-to-pentabromide (Figure 2.2.6) ions. The calculated ∆∆G values are 
summarized in Table 2.2.4, with the ∆G value for 6 again used as a benchmark value, with 
all other free energies reported relative to this data point. 
 
 
Figure 2.2.5. DFT energy-minimized structures for the tribromide salts of the studied cations: 
[N2,2,2,2]Br3, 1Br3; [C2MPip]Br3, 2Br3; [C2MPyrr]Br3, 3Br3; [C2Mim]Br3, 4Br3; [C2Py]Br3, 5Br3; 
[C2OHPy]Br3, 6Br3. Spheres represent: carbon (dark grey); hydrogen (light grey); bromine (red); and, 
oxygen (purple). 
In the case of the first addition reaction (between the bromide salt and one equivalent of 
bromine), the [C2OHPy]Br ion-pair, 6Br, yields the least negative ∆G value (–53.0 kJ mol
–1
) 
and the values (∆∆G) for the other systems are calculated relative to this. The cation found to 
1Br3 2Br3 3Br3 
4Br3 
 
5Br3 
 
6Br3 
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be most resistant to ion-pairing from solvent-separated ions, [N2,2,2,2]Br, 1Br, readily forms 
the tribromide ion 1Br3, with a ∆∆G value of –20.6 kJ mol
–1
. Comparable values are found 
for the other localized cations of 2 (–21.7 kJ mol–1) and 3 (–19.0 kJ mol–1). [C2MIm]Br (4, –
12.3 kJ mol
–1
) and [C2Py]Br (5, –17.2 kJ mol
–1
) are calculated to be more resistant to 
tribromide formation than 1Br – 3Br.  
 
 
Figure 2.2.6. DFT energy-minimized structures for the pentabromide salts of the studied cations 
where: [N2,2,2,2]Br5, 1Br5;  [C2MPip]Br5, 2Br5; [C2MPyrr]Br5, 3Br5; [C2Mim]Br5, 4Br5; [C2Py]Br5, 
5Br5; [C2OHPy]Br5, 6Br5. Spheres represent: carbon (dark grey); hydrogen (light grey); bromine (red); 
and, oxygen (purple). 
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The ∆∆G values calculated for the tribromide-to-pentabromide reaction for the various IL 
cations correlate very well with the I5:I3 values determined by Raman spectroscopy. This is to 
be expected, as the calculations correspond directly to what can be observed in the Raman 
spectrum (i.e., the I5:I3 value refers to the formation of pentabromide product from tribromide 
species). Cations that exhibit a greater propensity for polybromide formation (i.e., higher I5:I3 
values) are shown to have favorable ∆∆G values when modelled computationally, with 
[N2,2,2,2]
+
 (1Br5, –9.4 kJ mol
–1
), [C2MPip]
+
 (2Br5, –7.2 kJ mol
–1
) and [C2MPyrr]
+
 (3Br5, –5.8 
kJ mol
–1) all possessing more negative ∆∆G  values than their aromatic analogues, [C2MIm]
+
 
(4Br5, –4.9 kJ mol
–1
), [C2Py]
+
 (5Br5, –3.2 kJ mol
–1
) and the reference system, [C2OHPy]
+
 
6Br5. Thus, in the tribromide-to-pentabromide step, we report data that reinforces our 
experimentally-derived rating of the polybromide-forming capacity of our IL bromide salts. 
Table 2.2.4. Relative free energies of binding (∆∆G, kJ mol–1)[a] associated with the 
formation of bromide (n = 1), tribromide (n = 3) or pentabromide (n = 5) addition products. 
Cation 
∆∆Gip 
n = 0  1 
(kJ mol
–1
) 
∆∆G 
n = 1  3 
(kJ mol
–1
) 
∆∆G 
n = 3  5 
(kJ mol
–1
) 
1 [N2,2,2,2]
+
 42.0 –20.6 –9.4 
2 [C2MPip]
+
 29.9 –19.0 –7.2 
3 [C2MPyrr]
+
 28.5 –21.7 –5.8 
4 [C2MIm]
+
 32.7 –12.3 –4.9 
5 [C2Py]
+
 31.4 –17.2 –3.2 
6 [C2OHPy]
+
 0
[a]
 0 0 
[a] ∆∆G refers to ∆G values calculated relative to those for [C2OHPy]Br: –58.0 kJ mol
–1
 (n = 0 
 1); –53.0 kJ mol–1 (n = 1  3); and –22.1 kJ mol–1 (n = 3  5). 
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2.2.4 Association of ILs in solution 
To further explore the importance of weakly associated ion-pairs in competitive polybromide 
formation, the self-association behavior of each bromide salt was examined in an acetonitrile 
solution. The speciation of common ionic liquids is known to be concentration dependent, 
with contact, ‘quasi’ contact and solvent-separated ion-pairs, dimers and aggregates all 
described in the literature.
[56,92,93]
 Many methods have been applied to the study of this 
speciation, such as conductivity measurements,
[94]
 Raman/IR spectroscopy of probe 
molecules,
[93,95]
 and 
1
H NMR spectroscopy.
[96]
  
In addition to the intra-ionic effects investigated by our theoretical calculations, we 
hypothesized that the polybromide-forming capacity of the dissolved bromide salts may also 
be influenced by their extent of self-association in solution. ILs have been shown to have 
concentration-dependent 
1
H NMR chemical shifts due to self-association, allowing 
quantitation of the degree of dimerization of the IL ion pair.
[53,56,97]
 To model this, 
1
H NMR 
chemical shifts for the respective C2 α-protons of each cation were recorded and plotted 
against concentration (Figure 2.2.7) before fitting to a previously derived dimerization 
expression.
[28]
 This procedure allowed the association constant (Kdim) and Gibbs free energy 
values (∆Gdim) to be determined (Table 2.2.5). 
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Figure 2.2.7. Fits of dimerization data obtained in the 
1
H NMR dilution titration, where chemical shift 
refers to that of the cation’s C2 proton, where: a) [N2,2,2,2]Br, 1Br; b) [C2MPip]Br, 2Br; c) 
[C2MPyrr]Br, 3Br; d) [C2Mim]Br, 4Br; e) [C2Py]Br, 5Br; f) [C2OHPy]Br, 6Br. 
 
The results in Table 2.2.5 demonstrate a higher degree of association (more negative ∆Gdim 
values) for the three salts with aromatic cations than is the case for the non-aromatic systems. 
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This is likely to be related to the hydrogen-bonding capacity of the α-protons within the 
imidazolium and pyridinium rings, the acidity of which is known to direct dimerization in 
solution.
[48,55,84]
 Additionally, the IL that is most readily dimerized, [C2OHPy]Br 6Br is 
further directed by hydrogen-bonding from its hydroxyl substituent. While the [N2,2,2,2]Br 1Br 
salt has the lowest capacity for dimerization, the piperidinium and pyrrolidinium-based 
cations yield values within error of one another (and lower than that of the other salts). 
Though the pyrrolidinium C2 α-proton has been shown to participate in hydrogen-
bonding,
[55]
 it is known to be a much weaker interaction compared with that for the 
imidazolium C2 α-proton, suggesting that Coulombic interactions are the primary 
dimerization force for these compounds with highly localized charges. 
Table 2.2.5. Dimerization constants (Kdim) and Gibbs free energies (ΔGdim) for the 
dimerization of IL monobromide salts as determined by 
1
H NMR titration (300 K in 
CD3OD:CD3CN). 
Cation Kdim ∆Gdim (kJ mol
–1
) 
1 [N2,2,2,2]
+
 15.5 ± 0.91 –6.84 ± 0.40 
2 [C2MPip]
+
 20.6 ± 0.72 –7.54 ± 0.26 
3 [C2MPyrr]
+
 20.8 ± 1.1 –7.57 ± 0.40 
4 [C2MIm]
+
 29.9 ± 2.3 
 
–8.47 ± 0.65 
5 [C2Py]
+
 28.6 ± 1.0 –8.36 ± 0.30 
6 [C2OHPy]
+
 172 ± 24 –12.80 ± 1.8 
 
Convincingly, the trend shown here for ease of dimerization is a good match to the tendency 
of the cation to form ion-pairs, as calculated by DFT methods. Indeed, dimerization can be 
thought of as a secondary step that follows ion-pairing from solvent-separated molecules, so 
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it is no surprise that these correlate well. We ascribe this correlation to the freedom of 
association of the ion-pair in the solution matrix. As dimerization is largely controlled by 
Coulombic forces, those ion-pairs that are weakly associated (i.e., less negative ∆Gip values) 
have decreased electrostatic interaction with the bromide anion. This results in a greater 
freedom to participate in directing the dimerization in solution (i.e., more negative ∆Gdim). 
These observations also reinforce the experimental observations for polybromide formation: 
the steric constraints of dimerized ion pairs are likely to be limiting for polybromide 
formation. Conversely, ion pairs that dimerize poorly are more likely to resemble free ion-
pairs, allowing freedom for the Br
–
 anions within them to act as Lewis bases toward incoming 
bromine molecules.  
2.3 Conclusions 
Through the synergistic application of spectroscopic and computational methods, we present 
criteria for the targeted synthesis of highly efficient bromine sequestration agents. This 
knowledge allows for the rational design of bromide salt additives for halogen bonding 
interactions. These insights will be of use, for example, in the assembly of electrolyte 
components for technologies such as zinc, vanadium and sodium bromide flow batteries, and 
may extend to iodide-containing redox couples for thermoelectrochemical or dye-sensitized 
solar cells. Further, cation selection for safe and controlled bromination may also be 
influenced by the insights reported here. 
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2.4 Experimental Section 
2.4.1 Synthesis of IL Bromide Salts 
Each bromide salt was prepared by quaternization of the required tertiary amine with the 
respective bromoalkane or bromoethanol as per standard literature methods.
[98]
 Further 
purification was performed by recrystallization from saturated acetonitrile solutions by 
addition of excess ethyl acetate prior to drying under vacuum, with purity confirmed by 
1
H 
NMR. Each synthesis yielded a white crystalline solid melting at: 1Br) >260°C; 2Br) 
>260°C; 3Br) 242 – 245°C; 4Br) 72-78°C; 5Br) 110-112°C; 6Br) 78-80°C. 
2.4.2 Computational Details 
Standard quantum chemistry calculations using density functional theory (DFT) were 
performed with Gaussian 09.
[88]
 Geometries and energies were obtained at the M05-2X/6-
31G(d) level
[89]
 in conjunction with the SMD continuum solvation model.
[90]
 The parameters 
for acetonitrile were used in the SMD model in order to best reflect the experimental reaction 
conditions. The vibrational frequencies of stationary points were inspected to ensure that they 
corresponded to minima on the potential energy surface. Zero-point vibrational energies and 
thermal corrections to enthalpy and entropy at 298 K, derived from scaled M05-2X-D3/6-
31G(d) frequencies,
[91]
 were incorporated into the total energies. All relative energies are 
reported as solvation-corrected 298 K free energies in kJ mol
–1
. Charges were calculated 
using natural bond orbital (NBO) analysis. 
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2.4.3 Polybromide preparation and Raman spectroscopy 
The bromide salts studied are white crystalline powders at room temperature. While all 
starting compounds are soluble in water, the resulting polybromide species form a separate 
oil phase. To examine their behavior in solution by both Raman spectroscopy and 
1
H NMR, 
ionic liquids were dissolved in a 5% methanol to acetonitrile mixture, which was capable of 
dissolving all the studied ionic liquids and their respective polybromides at the required 
concentrations (0.5 M). The polybromide solutions were formed in situ by the volumetric 
addition of liquid bromine to 0.5 M solutions of bromide salt in liquid sample holders for 
Raman spectroscopy. Raman spectra were recorded on a Multi-RAM benchtop spectrometer 
using a liquid N2-cooled Ge detector. Spectra were recorded in backscattering mode at room 
temperature (1064 nm, 200 mW power, resolution 4 cm
-1
).  
2.4.4 1H NMR experiments 
0.5 M solutions of bromide salt were prepared in a screw-top NMR tube in 5% deuterated 
methanol in deuterated acetonitrile solutions, with 2 µL of tetramethylsilane added as an 
internal standard. As for the above solutions, liquid bromine was added volumetrically prior 
to obtaining the NMR spectrum. 
Dimerization experiments were conducted as per adapted literature methods.
[56,97]
 CD3CN 
was added under nitrogen to an NMR tube equipped with a Young’s valve. Sequential 
aliquots of stock solutions (solvent 5% MeOD in CD3CN) of the ionic liquid (0.1 M and 1 M) 
were added to the NMR tube prior to recording of the 
1
H NMR spectrum, thus deriving 
concentration-dependent chemical shifts. The chemical shift of the C2 proton of the ionic 
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liquid at each concentration was recorded and fitted to the dimerization isotherm generated 
previously by Weber, et al.
[97]
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Chapter 3: Formation of High-order 
Polybromides in a Room Temperature 
Ionic Liquid 
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3.1 Introduction 
Polybromides can play important roles across diverse areas, including carbon nanotube 
modification,
[57]
 battery technology
[3]
 and synthetic chemistry.
[59]
 However, our 
understanding of the factors that control polybromide formation is still significantly less well 
developed than it is for polyiodides. Indeed, of all the halides, only the iodides are 
comprehensively characterised by vibrational spectroscopic
[99,100]
 and single crystal X-ray 
diffractive analyses,
[101,102]
 with a substantial array of works describing mono-
[102]
 and 
polyanions
[103,104]
 in their varied structural environments both in the solid and liquid states 
(comprehensively reviewed by Svensson and Kloo
[105,106]
). The lighter polyhalides often 
present experimentally limiting difficulties due to their highly volatile, corrosive and 
hazardous nature. However, despite these issues, the polychloride monoanions [Cl3]
–
 through 
to [Cl9]
–
 have been isolated as tetraalkylammonium salts and investigated using Raman 
spectroscopy.
[107]
 In the case of polyfluorides, only the trifluoride monoanion has been 
isolated and identified by matrix isolation studies under cryogenic conditions.
[108]
 
The first systematic study into higher order polybromides ([Br5]
– – [Br9]
–
) in the solid state 
(quaternary ammonium cations) was undertaken as recently as 2010, and has similarities to 
the liquid state work presented here that follows a stoichiometric approach.
[61]
 The newly 
published solid-state structure of a [Br20]
2–
 polybromide network
[62]
 (already seeing 
preliminary application as an electrolyte component in a p-type dye-sensitized solar cell
[109]
) 
and similar networked structures
[63-67]
 have re-ignited interest in the area. Recent work by 
Haller et al. has identified discrete nonabromide
[110]
 and undecabromide anions,
[63]
 extending 
the polybromide range from [Br3]
–
 containing dianions such as [Br8]
2–[68]
 and [Br10]
2–
.
[69]
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Structures of intermediate polybromide order such as pentabromide and heptabromide anions 
have also been structurally characterised,
[65,111]
 while the tridecabromide monoanion has only 
been postulated computationally
[112,113]
 despite appearing as a component of the 
aforementioned [Br20]
2–
 anion. 
Polybromides are anionic species that require stabilizing cations, which can template bromide 
oligomers via long-range charge interactions. While the precise mechanisms and kinetics of 
the various polybromide formations are not well understood, a useful simple generic model of 
polybromide formation is one that postulates successive additions of incoming dibromine 
molecules (acting as Lewis acids) to a bromide/polybromide ion (acting as a Lewis base), 
with the formal bromine oxidation state increasing with the degree of oligomerisation. In this 
contribution, we exemplify how ionic liquids can help to direct these processes. 
Ionic liquids are attractive stabilising media due to their high ionic mobility, wide liquidus 
range, tuneable aqueous compatibility and non-volatility.
[35,38]
 Indeed, room temperature 
ionic liquid (RTIL) systems like 1-ethyl-1-methylpyrrolidinium bromide ([C2MPyr]Br) used 
in tandem with 1-decyl-1-methylpyrrolidinium trifluoromethanesulfonate ([C10MPyr]OTf), 
have been used to sequester polybromide species, such as the [Br20]
2-
 dianion (vide supra),
[62]
 
while the bromide salt of the 1-hexyl-1-methylimidazolium cation has been used to form a 
stable nonabromide anion at room temperature.
[110]
  
Previous studies have successfully utilized Raman spectroscopy for the study of polyhalides, 
focusing primarily on the Raman spectra of resolved single crystal structures. We present 
evidence for the development of progressively higher-order polybromide species formed by 
titration of bromine into a miscible RTIL system – the equimolar mixture of 
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tetrabutylphosphonium bromide ([P4,4,4,4]Br) and tetradecyltrihexylphosphonium 
bis(trifluoromethanesulfonyl)imide [P6,6,6,14]NTf2 (NTf2 = bis(trifluoromethyl)-
sulfonylimide). A range of monoanions ranging from [Br5]
–
 to [Br11]
–
 can be identified from 
the bulk solution by spectroscopic means, and the assignments confirmed by computational 
methods. Using single crystal X-ray diffraction, it was possible to characterize a complex 
extended network of interlinked [Br24]
2–
 polybromide units present in crystals that formed at 
high bromine concentrations. 
3.2 Results and Discussion 
3.2.1 Raman Spectroscopy 
In order to test our Raman assignments of the proposed [Br11]
–
 and [Br13]
–
 species (vide 
infra), the energy-minimized structures described by Pichierri
[112]
 were re-optimised and a 
frequency calculation was performed to generate theoretical Raman absorption spectra, with 
the frequencies above 150 cm
-1
 as listed in Table 3.2.1. The calculations used second-order 
Møller–Plesset (MP2) perturbation theory with the 6-31G(d) basis set – the same level of 
theory used by Chen et al. for smaller polybromides.
[11]
 For the discrete [Br11]
–
 monoanion in 
the gas phase, it was calculated that the vibrations stemming from the E and B2 symmetry 
elements will overlap around 285 cm
-1
, while the symmetric and asymmetric A1 stretches 
were calculated at 292 and 310 cm
-1
. In the case of the Oh [Br13]
-
 ion, strong symmetric 
stretches with T1U and Σg
+ 
symmetry were calculated to overlap at 290 cm
-1
, whilst an 
asymmetric stretch with Σg
+ 
symmetry was expected at 308 cm
-1
. It is noteworthy that the 
frequencies calculated here for the [Br11]
–
 species are closer matches to the experimentally 
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observed Raman frequencies than those presented in the literature previously, but are in close 
agreement nonetheless.
[63]
 
Table 3.2.1. Calculated Raman absorption frequencies. 
Species Symmetry Calc. frequency (cm
-1
) Intensity (a..u.) 
[Br11]
-
 E 284 3617 
 B2 285 6879 
 A1 292 745 
 A1 310 1818 
[Br13]
-
 T1U 289 43658 
 Σg
+
 291 25848 
 Σg+ 308 10081 
 
Raman spectra for dibromine/ionic liquid mixtures prepared at molar ratios of 3:1, 4:1, 5:1, 
6:1, 10:1 and 20:1 Br2:[P4,4,4,4]Br  are shown in Figure 3.2.1. The spectra show a number of 
absorptions in the 250–300 cm-1 region that are characteristic of high-order polyhalides.[61] 
These stretches are summarized in Table 3.2.2.  
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Figure 3.2.1. Raman spectra and Gaussian curve fitting of n:1 Br2:[P4,4,4,4]Br where n is; a) 3; b) 4; c) 
5; d) 6; e) 10; and f) 20. The absorption bands for [Br5]
–
 = 249, 214, [Br7]
–
 = 269, [Br9]
–
 = 281, 271, 
[Br11]
–
 = 286, 292, Br2 = 296, 301 cm
-1
. Asymmetric stretches are shown as dashed lines. Relative 
intensities and scaling have been altered for clarity. Horizontal scales are given in (c) and (f). 
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Table 3.2.2. Observed Raman absorptions and those calculated from this work and 
previously reported experimental and calculated results. 
Experimental Absorptions (cm
-1
) for n:1 Br2:[P4,4,4,4]Br 
ratios 
Expected absorptions 
(cm
-1
)  n=3 n=4 n=5 n=10 n=20 Expt.  Calc.
d
 Calc.
e
 
[Br5]
–
 249 —  — — 253a 252a — 
 214 — — — — 210a 217a — 
[Br7]
–
 269 — — — — 270a 282a — 
[Br9]
–
 — 283 282 280 280 279b 289a — 
 — 271 271 272 271 269b 265a — 
[Br11]
–
 — — 287 286 286 269c 278c 285 
 — — 293 292 293 286c 295c 292 
Br2 — — — 296 296 297
c
 — — 
 — — — 302 301 308c — — 
[a] ref. 
[61]
; [b] ref 
[110]
; [c] ref 
[63]
; [d] literature values; [e] this work. 
 
The 3:1 sample reveals three absorptions matching previously reported
[61]
 vibrations for 
[Br5]
–
 (249 and 214 cm
-1
) and [Br7]
–
 (269 cm
-1
) ions. The 4:1 sample (Figure 3.2.1b) matches 
experimental spectra for the discrete nonabromide anion,
[110]
 with absorptions at 271 and 283 
cm
-1
, as does the 5:1 sample which is also supplemented by signals at 287 and 293 cm
-1
, 
which closely match the two symmetric [Br11]
–
 stretches (at 285 and 292 cm
-1
) calculated in 
this study and seen in the literature.
[63]
 It is noted that the calculated [Br13]
–
 anion stretches 
(289 and 291 cm
-1
) also match this second experimental absorption. However, based on the 
Raman spectrum observed for [PPN][Br11∙Br2] (which displays a stretch at 297 cm
-1
 that was 
attributed to the “embedded Br2 molecule”)
[63]
 and based on the crystal structure reported 
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herein – which consists of linked [Br11]
–
 fragments (Figure 3.2.2) – we assign the stretch at 
293 cm
-1
 to the [Br11]
–
, and not to the [Br13]
– 
monoanion. 
At stoichiometries of 10:1 and 20:1 Br2:[P4,4,4,4]Br, the influence of a number of Raman 
active polybromide species complicate the spectra. These complex absorptions were 
deconvoluted using Gaussian peak fitting. It is proposed that all absorption signals from 
nona- to undeca-bromide species contribute to the broad spectral envelope for the bromine-
rich samples, with the growth of two sharp dibromine signals at 296 and 302 cm
-1
 for the 
samples in which dibromine is in stoichiometric excess with respect to the high order 
polybromide anions. In this system, the formation of the putative [Br13]
–
 species could not be 
identified, which we ascribe to the templating influence of the [P4,4,4,4]
+
 cation (discussed 
below).  
3.2.2 Single Crystal X-Ray Diffraction 
 
Figure 3.2.2. Representation of the crystallographically characterised [Br24]
2–
 anion showing the 
numbering scheme. 
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A novel dianionic structure obtained by single crystal X-ray diffraction (from the 10:1 
Br2:[P4,4,4,4]Br mixture) that we tentatively assign as a [Br24]
2–
 species is shown in Figure 
3.2.2. Although the unit cell reveals what might be interpreted to be a discrete undecabromide 
ion closely associated with an embedded dibromine molecule to afford a structure that is 
related to the square pyramidal [Br11∙Br2]
–
 anion reported by Haller et al.,
[63]
 significant 
points of difference are present in the orientation of the “embedded” dibromine (Br(11)-
Br(12)) and the degree of distortion of the pyramidal base caused by the templating [P4,4,4,4]
+
 
cation. The degree of distortion is readily seen in the angles of the coordinated dibromine 
molecules to the central bromide atom (Table 3.2.3): the angles subtended with the base to 
the apex are in the range of 88.49–104.82°, whilst the angles of the Br2 groups on the base are 
~150° (Br(6)–Br(1)–Br(8) and Br(2)–Br(1)–Br(10)) compared to the ideal 180°.  
The case for an “embedded Br2 molecule” in Haller’s [PPN][Br11∙Br2] structure was made on 
the basis of its short Br-Br length (2.273 Å, almost that of solid molecular bromine,
[114-116]
) 
and also because neither bromine atom of this fragment is bound to the central five-
coordinated bromine atom (the Br
-
 anion) of the [Br11]
–
 polynuclear anion. In the present 
structure, the Br–Br distance of the potentially “embedded dibromine molecule” (Br(11)–
Br(12) 2.304 Å), while shorter than all of the “dibromine units” coordinated to the “central” 
penta-coordinated bromine atom (which range from 2.319–2.402 Å), is only slightly shorter 
than the Br–Br distance of the two bromine atoms bridging the penta-coordinated bromine 
atoms (Br(10)–Br(10) 2.340 Å). Consequently, an “embedded bromine” interpretation leads 
to an interpretation of the current structure as consisting of two [Br9]
–
 anions with one unique 
and two similar “embedded bromine molecules”. However, this does not, in our view, 
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properly reflect the arrangement of atoms, nor bond distances in the solid, and the assignment 
of bonds was thus treated differently to that of the [PPN][Br11∙Br2] structure.   
Table 3.2.3. Selected bond lengths (Å) and bond angles (°) for [P4,4,4,4]2[Br24]. 
Bond length (Å) Bond angle (°) 
Br(1)–Br(2) 3.077 Br(2)–Br(1)–Br(4) 93.60 
Br(1)–Br(4) 2.775 Br(4)–Br(1)–Br(6) 99.06 
Br(1)–Br(6) 3.085 Br(4)–Br(1)–Br(8) 104.82 
Br(1)–Br(8) 2.974 Br(4)–Br(1)–Br(10) 88.49 
Br(1)–Br(10) 3.147 Br(2)–Br(1)–Br(6) 74.95 
Br(2)–Br(3) 2.324 Br(2)–Br(1)–Br(8) 125.18 
Br(4)–Br(5) 2.402 Br(6)–Br(1)–Br(10) 77.72 
Br(6)–Br(7) 2.319 Br(8)–Br(1)–Br(10) 80.25 
Br(8)–Br(9) 2.347 Br(8)–Br(9)–Br(11) 87.77 
Br(9)–Br(11) 3.405 Br(3)–Br(11)–
Br(12) 
90.39 
Br(10)–Br(10’) 2.340 Br(6)–Br(1)–Br(8) 146.86 
Br(11)–Br(12) 2.304 Br(2)–Br(1)–Br(10) 152.58 
Br(3)–Br(11)* 3.325   
Br(12)–Br(5)* 3.155   
Br(1)–Br(10) 3.147   
Br(2)–Br(3) 2.324   
* denotes atom from neighbouring cluster. 
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In the present structure there exists a close intermolecular contact (3.155 Å) between Br(12) 
and Br(5) of a neighbouring cluster. This contact is considerably shorter than the shortest 
intermolecular contact observed for the embedded bromine in [PPN][Br11∙Br2]  (3.288 Å).
[63]
 
As this intermolecular contact is only slightly longer than the Br(1)–Br(10) distance (3.147 
Å), but still considerably shorter than 3.7 Å (twice the Van der Waals radius), we propose 
that this new structure is best described as a [Br24]
2-
 species.  
To determine whether this species consists of discrete molecular polynuclear anions, or is an 
extended three-dimensional lattice of bromine atoms, the intermolecular Br–Br distances 
examined within the anion were restricted to ≤ 3.2 Å. This establishes a set of [Br24]
2-
 
dianions within the structure (Figure 3.2.3). With this interpretation, the shortest 
intermolecular distance between the [Br24]
2–
 dianions is 3.235 Å, i.e. between Br(7) of one 
molecule and Br(5) of another. This distance still lies well below twice that of the van der 
Waals distance of bromine, further supporting a view that the present structure should not be 
considered as containing an “embedded Br2 molecule”, but rather [Br24]
2–
 dianions, or 
(considering Br···Br > 3.2  Å contacts as bonding) as a [Br24]n
2n–
 three-dimensional infinite 
solid. However, some contention exists in the literature in regards to this traditional 
procedure of assigning bonding via examination of the VdW distances of the present 
molecules. 
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   (a)                         (b) 
Figure 3.2.3. View along the a axis of [P4,4,4,4]2[Br24] with carbon, hydrogen and phosphorous atoms 
removed: (a) illustrating the structure as isolated [Br24]
–
 anions, i.e., with Br–Br distances, d, restricted 
to d ≤ 3.2 Å and (b) illustrating the structure with Br–Br distances restricted to twice the Van der 
Waals distance (≤ 3.7 Å – dashed black lines represent Br–Br distances, d, with 3.2 ≤ d ≤ 3.7 Å ).  
 
The polybromide literature sees many variations in the approach of considering “embedded” 
bromine molecules. The approach of the Riedel group
[63,66,110]
 for example is to omit 
dibromine molecules that do not coordinate directly with a bromide anion, in accordance with 
the Lewis interaction bonding mechanism described for the polyhalides. This approach would 
assign the reported structure line formula as a [P4,4,4,4][Br20∙Br2] structure.  
An alternate approach exists in the case of the two [Br20]
2–
 anions reported by the Feldmann 
group, supported by either the IL cation, [C4MPyr]
+[62]
 or, analogous to this work, the 
[N4,4,4,4]
+
 cation.
[65]
 In both of these structures, a number of dibromine-dibromine contacts is 
included within the repeating unit of the crystal lattice, with up to four dibromine-dibromine 
contacts in the latter case. The inclusion of dihalide-dihalide contacts as part of a repeating 
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central structure is well-accepted in the more established polyiodide literature for dianions 
such as [I12]
2–
,
[117]
 which Svensson & Kloo consider briefly as an [I24]
4–
 anion with inclusion 
of a contact of 3.71 Å in their review.
[106]
   
The present structure differs from the [Br20]
2–
 dianions reported by Wolff et al,
[62,65]
 in several 
ways. For a comparison with the [C4MPyr]
+
 salt, perhaps the most obvious difference is that 
the “central” bromine atom of [P4,4,4,4]2[Br24] is five coordinate, whereas that of 
[C4MPyr]2[Br20] is six coordinate. Uniquely, the orientation of the [P4,4,4,4]
+
 cation around the 
central bromine atom is shown to prevent the coordination of a sixth dibromine molecule, as 
a butyl chain occupies the space required for an octahedral building block (Figure 3.2.4). 
This circumstance gives rise to the formation of an extended dipyramid and is consistent with 
the previously discussed Raman spectra of the bulk solution in which none of the calculated 
stretches for the putative tridecabromide anion were observed. This five-coordinate, square-
pyramidal bromide site is also seen for the structurally related [N4,4,4,4]
+
 cation, however, the 
remaining 9 bromine atoms beyond the “[Br11]” core are incorporated in unusual, 10-
membered (4 x Br2, 2 x Br) bromine rings. The authors suggest that the line formula for this 
reported structure should be regarded as [P4,4,4,4]2[Br24], however a greater set of structurally 
characterised polybromide species is needed to establish structural systematics in these salts. 
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Figure 3.2.4. The 3-D network showing the orientation of the Br9 sub-units of the [Br24]
2–
 anion (dark 
polyhedra) and the [P4,4,4,4]
+
 cation (lighter polyhedra) and the outline of the unit cell (open box.)  
 
The question of the cation’s role in polybromide formation is mostly unexamined beyond 
clear templating effects which are seen in the present structure. The significant number of 
close H
…
Br contacts between the butyl chains of the phosphonium cation and the [Br24]
2–
 ion 
(i.e., a total of 12 close contacts between bromine and hydrogen in the [Br24]
2–
 repeating unit 
that are less than the sum of the Van der Waals radii 3.05 Å), can be postulated to stabilise 
and direct the formation of this high nuclearity species (Figure 3.2.4). The shortest C–H…Br 
distances are 2.818 Å (H2B
…
Br(8)) and 2.909 Å (H15D
…
Br(9)), which lie in the range of a 
bromine-hydrogen-bridge bond (2.40–2.90 Å).[84] Longer bromine-hydrogen interactions of 
2.936 Å (H16B…Br(11)), 3.012 Å (H5B…Br(2)), 3.034 Å (H1A…Br(4)) and 3.036 Å 
(H13A…Br(12)) are also observed. These hydrogen interactions are found on all but two of 
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the apices of the square pyramidal structures, affording significant stabilisation – and thus, 
templating - of the polybromide structure.  
3.3 Conclusions 
The sequential formation of polybromide monoanions from penta- to undecabromide was 
reported in a room-temperature ionic liquid system, as identified by Raman spectroscopy and 
computed spectra. Isolated from this mixture was the proposed [Br24]
2–
 anion, which would 
be the largest known polybromide species characterized to date. These novel anions and their 
interactions with structure-directing cations offer opportunities to rationally design high 
nuclearity polybromides for a broad range of applications, including dye-sensitised solar cells 
and high energy density flow batteries. Our results, in combination with those of Wolff, 
Haller and others, show that even higher-order molecular polybromides may be synthetically 
accessible and that the nuclearity can be controlled by subtle interactions with the templating 
counterion. The contribution of this work to the literature at large is explored in further detail 
as a critical review in Chapter 4. 
3.4 Experimental Section 
3.4.1 Polybromide synthesis 
The [P4,4,4,4]Brn species were synthesized by volumetric addition of dibromine to an 
equimolar mixture of [P4,4,4,4]Br and [P6,6,6,14]NTf. The mixture was stirred and heated to 
homogeneity (100 ºC) and cooled to room temperature yielding a monophasic liquid. 
Bromine was added at molar ratios of 3:1, 4:1, 5:1, 6:1, 10:1 and 20:1 bromine to bromide 
salt using standard Schlenk techniques. Resultant mixtures were liquid at room temperature. 
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Crystals of high-order polybromides were obtained by a method modified from that of Wolff 
et al.
[62]
 The 10:1 Br2:[P4,4,4,4]Br sample was frozen to -20 ºC to form a solid mixture of 
[P4,4,4,4]Brn crystals, ionic liquid and excess bromine (m.p. -7.6 ºC). The mixture was slowly 
warmed to –5 °C, and the resultant liquid bromine removed by syringe under a nitrogen 
atmosphere. The remaining solid mass was cooled to –20 ºC, with crystals suitable for X-ray 
diffraction selected.  
3.4.2 Instrumental Methods 
Raman spectra were recorded on an inVia Renishaw spectrometer using a liquid nitrogen 
cooled Ge detector. Spectra were recorded in backscattering mode in flame-sealed capillaries 
on a variable temperature stage at –190 ºC  (830 nm, 10 mW power, resolution 4 cm-1). 
X-ray diffraction data was obtained with an APEXII-FR591 diffractometer employing mirror 
monochromated MoKα radiation generated from a rotating anode. Data were collected at 
150(2) Kelvin with ω+ϕ scans to 56.7º 2θ. See Appendix A for details regarding data 
analysis. 
3.4.3 Computational Details 
In this study, the predicted geometries of [Br11]
- 
and [Br13]
-
 were re-optimized and Raman 
spectra were calculated. Following the methods used by Chen et al.
[61]
, the GAUSSIAN09 
software package
[118]
 was used to perform calculations with second order Møller–Plesset 
perturbation and Pople’s split-valence double-zeta basis set with d polarisation functions 
(MP2/6-31(d)) for both the geometry optimizations and the frequency calculations. 
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Chapter 4: Polybromides – From 
Monoanions to Infinite Networks 
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4.1 Introduction 
Bromine - the third halide to be isolated after iodine (1811) and chlorine (1774) - was 
formally discovered concurrently by the then French pharmacy student, Antoine-Jérôme 
Balard and the German chemist Carl Jacob Löwig in 1826.
[119-121]
 In the latter case, it was 
mistakenly assigned as iodine monochloride, which highlights the entwined history of the 
halide chemistries. Similarly evocative of the commonalities between early halide work, 
Balard’s discovery followed his studies of the iodine-containing Fucus algae, to which the 
addition of aqueous chlorine formed an odorous yellow-orange layer that separated from the 
iodine layer on standing. His first report on bromine initially named the element muride from 
the Latin muria for ‘brine,’ before it was subsequently renamed by the Académie des 
Sciences after the Greek bromos, for its pungent odour.
[122]
 This report further identified its 
presence in seawater, naturally occurring mineral waters and its uptake in various marine 
organisms. 
Bromine does not persistently occur in nature as the free dibromine molecule, instead existing 
as the bromide ion in aqueous systems, as methyl bromide in the atmosphere and in various 
brominated organic compounds upon its uptake by plant and animal life.
[120,123]
 The most 
abundant sources of bromine are brines such as seawater (the Dead Sea being the most 
bromine-rich aqueous source known), mineral springs and deep oil-wells. Brines such as 
these are used as the natural source for dibromine production, which historically, has been 
achieved by a number of methods. Included among these were two processes created by 
Adolf Frank in 1865 and 1877. The latter, and more successful, method treated brine with a 
chlorine solution in the presence of manganese salts prior to distillation,
[124]
 a method which 
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bears a strong resemblance to Balard’s initial isolation work. Electrochemical oxidations of 
sourced bromide salts were also used in the early 20th century,
[125]
 but were ultimately found 
to be too energy intensive relative to Frank’s method.  
2Br
–
  + Cl2    Br2  +  2Cl
–
   (4.1.1) 
Presently, dibromine is extracted from brine through the oxidation of bromide by chlorine 
(chlorine’s reduction potential is 0.29 V greater than that of dibromine, Equation 4.1.1). 
However, due to the appreciable aqueous solubility and low concentration of bromine in 
natural brines (up to 6.5 g/L in the Dead Sea),
[126]
 a subsequent concentrating step is required. 
This is achieved by ‘stripping’ of Br2 by steam or air, whereby the bromine is trapped in a 
recirculating sodium carbonate flow, forming sodium bromide and bromate (Equation 4.1.2). 
This mixture is then treated with an acidified solution to liberate bromine (Equation 4.1.3), 
prior to condensation of the liquid dibromine and fractional distillation to purity. The major 
uses of bromine compounds today include incorporation in flame retardants, biocides, well 
drilling fluids and in water purification.
[58,120]
 However, many niche applications exist in the 
realms of synthetic chemistry,
[59]
 carbon modification
[57]
 and, of recent importance, 
electrochemical storage media such as polysulfide-bromine
[20]
 and metal (e.g., zinc and 
vanadium) bromide redox flow batteries.
[3]
 
3NaCO3  +  3Br2    5NaBr  +  NaBrO3  +  3CO2      (4.1.2) 
NaBrO3  +  5NaBr  +  3H2SO4    3Br2  +  2Na2SO4  +  3H2O   (4.1.3) 
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4.1.1 Bromine Catenation and Synthesis  
Like the analogous polyiodides,
[106,127]
 bromine has a remarkable ability for catenation. This 
occurs through a generic model wherein successive additions of incoming dibromine 
molecules (acting as Lewis acids) combine with a bromide or polybromide ion (acting as a 
Lewis base) via the HOMO and LUMO of each species respectively (Equation 4.1.4) In the 
simplest case, with Br¯ as Lewis base, this results in a series of monoanions of the order of 
Br(Br2)n¯ (n = 1–6), from the tribromide anion to the theoretical maximum (assuming 
octahedral co-ordination)  of a tridecabromide anion. The tridecabromide (Br13
–
) is the only 
polybromide monoanion that has not been structurally characterised, however its octahedral 
structure has been predicted to be thermodynamically stable by computational 
methods.
[112,113]
 Further reactions of oligimerised polybromides can also occur in this 
simplified series, which may result in extended networks made up of interconnected units. 
The tribromide ion can also act as a discrete unit to form dianions from two Br3
–
 units and 
interconnecting dibromine molecules. The various possibilities of catenating bromine species 
are leading to a rich stoichiometric and structural diversity. With the advances in 
spectroscopic techniques and in more robust reaction media such as ionic liquids, the limits 
on nuclearity of all-bromine oligomers are being continuously tested. This review 
demonstrates this diversity and aims to present a strong starting point for the study of future 
polybromides.  
[Q]Br¯   +   nBr2  ⇌   [Q]Br(2n+1) ¯   (4.1.4) 
As polybromide formation formally occurs by successive addition reactions of dibromine 
molecules to anionic polybromide media, the speciation, size, shape and structure of the final 
polybromide are dictated by the amount of bromine added to the system (dictating the 
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stoichiometry and, hence, order of the polybromide), the nature of the reaction media (which 
have included liquid phase preparations as well as gas-phase and mixed solid-gas phases) and 
the nature of the cations present (which are responsible for stabilization and templating of the 
product).  
Since a bromide ion is required as a ‘seed’ for the building of polybromides, a suitable 
counterion is required for the formation of stable bromine catenates. Typically, cations for 
polybromide formation have consisted of larger heteroatomic ions such as quaternary 
ammonium or phosphonium cations of varying structures. These provide the required charge 
balance, while lending other supporting attributes to the polybromide, such as H···Br 
interactions between the cation’s C–H bonds and the bromine atoms comprising the 
polybromide.  
The structures reviewed in the following have been prepared by a number of methods. The 
simplest cases involve the direct addition of dibromine to a bromide salt (either 
volumetrically or via treatment of solid bromide salts with dibromine vapour). In-situ 
formation of a bromide anion is also described below (for example, via bromination of an 
aromatic heterocycle with dibromine, accompanied by the liberation of a free bromide anion), 
while ionic bromine catenates can also be formed with metallic bromide compounds as 
formal bromide sources. The structures below will be summarised in terms of their valency as 
mono- or dianions, while templating effects will also be discussed in Section 4.3.  
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4.2 Structures of Polybromides 
In order to describe polybromide structures, it is necessary to define the limits of such a 
bonding system – a task that is not always straightforward. The accepted route to polyhalide 
formation via the non-covalent donor-acceptor interaction involving a halogen donor and a 
Lewis base acceptor has provisional IUPAC recognition as the ‘halogen bond.’[128] This 
interaction has been studied widely as a means of controlling molecular architectures, 
particularly in biological and supramolecular systems.
[129,130]
  Halogen bonding is also 
becoming increasingly exploited in precise crystal engineering applications.
[131-135]
 Similar to 
the more widely studied hydrogen bonding, the donor-acceptor distances of the atoms 
involved in halogen bonding are significantly less than the sum of the van der Waals radii of 
the contributing atoms (for a more general review of halogen bonding, see Troff, et al
[136]
). 
The accepted value for the van der Waals radius of bromine in Br2 (1.85 Å)
[137]
 assumes the 
bromine to be isotropic.  Recently, a value of 1.816 Å has been calculated for the effective 
average van der Waals radius of bromine in Br2 in which the bromine atoms are “flattened” 
along the primary axis, and “bulge” perpendicular to the interatomic axis.[138] Many of the 
structures discussed in this review do not always strictly contain halogen bonds, but feature 
close association between, for example, two dibromine molecules, which complicates the 
designation of a polybromide structure. Accordingly, this review adopts the criterion that a 
Br···Br distance of between the 2.3 Å (the Br–Br bond length in the Br2 molecule) and 3.6 Å 
(being twice the van der Waals radius of bromine in Br2) can be regarded as evidence of 
halogen bonding.  Thus, in the ensuing discussion, evidence for halogen bonding interactions 
between bromine atoms is restricted to cases in which the Br–Br distance is less than 3.6 Å.  
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4.2.1 Bromine 
A range of values has been established for the Br···Br bond distance in the crystal structure 
of solid dibromine, Br2. This distance was first determined as 2.27 Å in 1936 by X-ray 
diffraction,
[139]
  but the separation was later reinterpreted as 2.267(1) Å.
[140]
 Later work using 
Br K-edge EXAFS  defined the Br···Br distance in solid (80 K), liquid (278 K) and gaseous 
(300 K) Br2 as 2.314(6), 2.302(4), and 2.288(3) Å, respectively.
[141]
 Variable temperature 
neutron powder diffraction at 5, 80, 170 and 250 K found the Br···Br distance to be 2.301(2), 
2.294(2), 2.289(3) and 2.286(3) Å, respectively.
[142,143]
 The Br···Br distances in liquid 
bromine at orthobaric densities have also been determined by neutron diffraction at 298 and 
473 K as 2.30 and 2.31 Å, respectively.
[144]
 
Dibromine molecules have also been identified in the crystal lattice of several bromine-
containing compounds.
[140,145,146]
  The [BrP(o-tol)3]2[Cu2Br6] structure for example, consists 
of [Cu2Br6]
2
¯ dianions, the terminal bromide ions of which are bound to bridging Br2 
molecules (Br···Br of dibromine = 2.341(1) Å) in an infinite chain.
[140]
 Reaction of 
[(R3P)AuBr] (R = 
t
Bu, 
i
Pr, Me) with excess bromine yields the adduct, [(R3P)AuBr3]∙(Br2), 
which contains Br2 molecules bridging between [(R3P)AuBr3] molecules via Br2···Br-Au 
interactions. In the tert-butyl derivative, the Br···Br distances of the Br2 molecules are 
2.3013(12) Å, whilst the Br2···Br···Au distances are 3.7047(13) (in dibromine), 3.2910(13) 
and 3.219 Å (Br-Au).  For the related iso-propyl derivative, the Br···Br distances of the Br2 
molecules are 2.333(2) Å, whilst the Br2···Br and Br···Au distances are 3.308(2), 3.098(2) 
and 3.857(7) Å, respectively.
[146]
 Dibromine also co-crystallises with 
tris(tetramethylammonium) nonabromodiantimonate, in which dibromine molecules (Br···Br 
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distances 2.31(3) Å) bridge Sb2Br9
3
¯ anions, generating the kind of three-dimensional 
networks discussed in Section 3.3.
[147]
.  
4.2.2 Monoanions 
Structurally characterised species containing the [Br3]¯ anion are relatively common and 
well-characterised, with as many as 42 structures reviewed recently.
[112]
 The higher penta- to 
undecabromide monoanions have also been structurally characterised,
[62,63,65,110,111]
 while the 
existence of the tridecabromide anion has only been postulated computationally.
[112]
 
Interestingly, a fragment comprising the six-coordinate bromide anion surrounded by 
dibromine molecules (i.e., tridecabromide) has been characterised as a part of a [Br20]
2
¯ 
dianion,
[62]
 but the [Br13]¯ anion has not been isolated as a monoanion.  
In the case of tribromide structures, early examples include the double salt, 
[Me3NH]2](Br)(Br3),
[148,149]
 PBr7 (i.e., [PBr4][Br3]),
[150]
 and layered CsBr3.
[149]
 The ion is 
generally linear, and may have either symmetric or asymmetric Br···Br distances depending 
on the cation present.  CsBr3 (a layer of which is shown in Figure 4.2.1) contains sheets of 
Cs
+
 cations and linear asymmetric [Br3]
–
 anions (Br···Br distances are 2.440(6) and 
2.698(6) Å; interlayer distance 3.261(5) Å). Solid cetyltrialkylammonium tribromide salts 
have been studied by a combination of Raman spectroscopy and energy dispersive X-ray 
diffraction.  Both symmetric and asymmetric tribromide ions were detected, with equal 
Br···Br distances of 2.52 Å in the symmetric case, and Br···Br distances of 2.38 and 2.66 Å 
in the asymmetric case.
[151]
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Figure 4.2.1. Portion of a plane of bromine and cesium atoms in CsBr3.
[149]
 Spheres represent: cesium 
(orange) and bromine (green). 
 
Similarly, the bromine atoms of three N-bromosuccinimide molecules can aggregate about 
added bromide ions with Br···Br contacts of less than the van der Waals distances (Br···Br 
3.038(1) Å) to form a trigonal pyramidal [Br(C4H4BrNO2)3]¯ ion (Figure 4.2.2).
[152]
 Such 
interactions are clearly governed by steric factors, since [N2,2,2,2][Br(C4H4BrNO2)] contains 
1:1 bromine:NBS moieties  (Br···Br 2.836(1) Å).
[153]
 The dibromine containing crystals of 
the Au(I) complex,  [(
t
Bu3P)2Au)](Br3)∙(Br2) described in the previous section also contains 
linear Br3
-
 anions, forming zig-zag chains with Br···Br distances between bromine  atoms of 
3.124, 2.549 and 2.3528 Å.
[146]
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Figure 4.2.2. The trimeric [Br(C4H4BrNO2)3]¯ anion of Cs[Br(C4H4BrNO2)3] (Cs
+
 cation omitted).
[47]
 
Spheres represent: carbon (blue); hydrogen (yellow); nitrogen (sky blue); and, oxygen (red). 
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   (a)          (b) 
Figure 4.2.3. a) The (4,5,9,10-tetrabromo-2,2,7,7-tetrafluoronaphtho[1,8-de:4,5-
d’e’]bis[1,3,2]diazaborinine-1,3,6,8(2H,7H)-tetrayl)tetrakis[(dimethylamino)-N,N-
dimethylmethaniminium dication, [(ttmgn-Br4)(BF2)2]
2+
. b) The (4,6,9-tribromo-2,2-difluoro-1H-
naphtho[1,8-de][1,3,2]diazaborinine-1,3(2H)-diyl)bis[(dimethylamino)-N,N-dimethylmethaniminium 
cation. 
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The pentabromide ion has been isolated following reaction of an excess of Br2 with the BF4¯ 
salt of the large cation, bis(borondiflouride)-1,2,4,5-tetrakis(tetramethylguanidinyl)benzene 
(ttmgn(BF2)2)
2+
 (see Figure 4.2.3).
[111]
 Reduction of Br2 is accompanied by bromination of 
the arene, yielding crystals of what was assigned to be the [Br5]
–
 salt of the [(ttmgn-
Br4)(BF2)2]
2+
 dication, the first structural characterization of the [Br5]¯ anion.  However, 
while visual inspection yields discrete [Br5]¯ units, each of these units are associated with 
each other by short contacts within twice the van der Waals bonding radii of 3.6 Å and may 
also be deemed an infinite network. As illustrated in Figure 4.2.4, the two planar, distorted 
L-shaped (< Br···Br···Br 95, 103 °) pentabromide units pack in two sets of layers, with the 
planes defining the two different Br5¯ anions subtending an angle of 58
o
. Each [Br5]¯ anion 
has a central bromine atom which is separated by 2.633–2.28 Å by two coordinated 
dibromine molecules, elongating the dibromine Br···Br distances to 2.359–2.467 Å. The 
[Br5]¯ anions have one terminal bromine atom with a short contact of 3.445 Å to an adjacent 
pentabromide species and the other end 3.507 Å from a distinct bromine atom bound 
formally to the bulky cation. In this same report, a similar [Br5]¯ anion was also be obtained 
as its [(btmgn-Brx)(BF2)] (x ~ 3, [btmgn-Br3)(BF2)]
+
, (4,7,9-tribromo-2,2-difluoro-3a,6-
dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine-1,3(2H)-diyl)bis[(dimethylamino)-N,N-
dimethylmethaniminium) salt following reaction of [(btmgn)(BF2)](BF4) with excess 
dibromine.  
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Figure 4.2.4. Structure of the [Br5]¯ anions of [(ttmgn-Br4)(BF2)2], viewed along the c-axis. Spheres 
represent: carbon (dark grey); hydrogen (light grey); nitrogen (purple); boron (pink); fluorine (lime 
green); and, bromine (aqua). 
 
A pyramidal heptabromide species has been isolated as a salt of the bulky [Ph3PBr]
+
 
cation,
[65]
 and exhibits stretching of the coordinated dibromine molecules to Br···Br distances 
of 2.331–2.381 Å (Figure 4.2.5). This is shorter than the distance between the central 
bromine (situated at the pyramidal apex) atom to each bromide molecule, which is in the 
range of 2.874–2.907 Å. The closest intermolecular contacts between each heptabromide unit 
and neighbouring [Br7]¯ anions are around 3.499 Å, and the  [Br7]¯ anions make up a layered 
network. 
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Figure 4.2.5. The [Br7]¯ anion (at Br–Br 3.2 Å) of the [N3,3,3,3][Br7] complex.
[65]
 
 
The first structurally characterised nonabromide monoanion was obtained as the salt, 
[N3,3,3,3][Br9], which was reported in 2011.
[154]
 This nonabromide ion was prepared by the 
dissolution of [N3,3,3,3]Br in excess Br2, and was isolated as brownish red crystals that were 
briefly stable in air. The structure of the anion is based on a pseudo-tetrahedral bromine atom, 
surrounded by four Br2 molecules. The central Br to Br2 bond distances are 2.943 Å, and the 
inter-nuclear distances of the Br2 ligands are 2.350 Å.  As expected from the formal donation 
of charge from what might be considered the central Br¯ into the LUMO of the Br2 ligands, 
the Br···Br distances of these ligands are longer than that of uncoordinated Br2 (2.281 Å), 
while the Br–Br–Br angles about the central Br¯ ion are 99.8 and 131.2°. The closest 
intermolecular contacts between nonabromide units are 3.395 Å, which are less than twice 
the bromine van der Waals radius (3.60 Å). Thus, an alternative view of the bromine network 
is as a three-dimensional network of bromine atoms, rather than isolated [Br9]¯ anions.  
A pseudo-tetrahedral nonabromide anion has also been prepared by the volumetric addition 
of dibromine to the ionic liquid, 1-hexyl-3-methyl-imidazolium bromide,
[110]
 yielding a 
nonabromide salt that is reported to be a stable liquid at room-temperature, from which 
crystals were isolated by cooling at –40°C. Here, internal Br···Br distances for the terminal 
dibromine ligands range from 2.329–2.351 Å, while the internal central bromine to dibromine 
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distances range from 2.908–3.064 Å. These [Br9]¯ units are separated from each other by 
Br···Br distances of 3.269–3.470 Å, a significantly smaller contact than that in [N3,3,3,3][Br9], 
and so, consistent with an interpretation of the bromine network as a three-dimensional array, 
rather than as isolated [Br9]¯ anions. Several other nonabromide anions have also been 
identified in extended networks, which will be discussed in detail in Section 4.3. 
 
Figure 4.2.6. Two adjacent undecabromide ions viewed along the c-axis, showing the relationship 
between adjacent [Br11]¯ ions and ‘embedded’ bromine molecules. 
 
The undecabromide ion ([Br11]¯) was first isolated in 2013 and is the largest known 
polybromide monoanion,
[63]
 with a structure that is very near to a square pyramidal 
disposition of Br2 units about a central bromine. The distances of the central bromine to the 
dibromine ligands are not dissimilar to that in the nonabromide species, ranging from 2.953–
3.081 Å. Similarly, the range of interatomic Br···Br distances of the dibromine ligands is 
quite narrow, ranging from 2.320–2.333 Å. These undecabromide units are surrounded by 
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bridging embedded Br2 molecules at 3.288–3.668 Å, creating a chain-line network with 
inversion of the adjacent square-pyramidal [Br11]¯ units and creating 12-membered bromine 
rings (Figure 4.2.6). 
4.2.3 Dianions 
Polybromide dianions were characterised relatively early in the polybromide literature.
[69]
 
Their divalency can arise from the participation of two bromide anions, or two tribromide 
monoanions with one or more dibromine molecules (rather than the simplified sequential 
addition of dibromine molecules to bromine atoms). Thus, the structures are even-numbered 
([Brn]
2
¯, with n = 4, 8, 10, 12 all known).  
 
Figure 4.2.7. A chain of [W6(μ3-Br)8Br4](μ2-Br4) fragments of W6Br16.
[155]
 Spheres represent: tungsten 
(orange) and bromine (green). 
 
The first structural characterisation of the [Br4]
2
¯ dianion appears to be in the structure of 
W6Br16, whereby the dianion bridges chains of [W6(μ3-Br)8Br4](μ2-Br4)]
2+
 cations (Figure 
4.2.7).[155,156] Here, the linear [Br4]
2
¯ dianion has Br···Br distances of 2.98 (terminal) and 2.43 Å 
(internal), with a distance of 2.68 Å between ions (W···Br). Related structures of 
stoichiometries W6Br14, W6Br16 and W6Br18 were also reported, all of which possess a 
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[W6Br8] core. W6Br14 possesses a terminal bromide ligand on each tungsten atom, while 
W6Br16 has two terminal bromide ligands mutually trans of these, replaced with bridging 
[Br4]
2
¯ dianions. W6Br18 was postulated to have four such replacements (leaving two 
mutually trans terminal bromide ligands), however no structural details were reported. The 
difference between W6Br14 and W6Br12 (which also has a central [W6Br8] core, and one 
terminal Br ligand on each tungsten atom) is that in W6Br12 four of the “terminal” bromine 
atoms bridge to another W6Br8 cluster, giving the stoichiometry, [W6Br8](Br)2(μ-Br)4 = 
W6Br12 = WBr2.  Thus, the oxidation state of the tungsten is increased, first by replacing 
bridging bromides with terminal bromides, then by successively replacing pairs of trans 
bridging bromides with trans bridging [Br4]
2
¯ dianions. That is, the "terminal" ligands' 
contribution to the oxidation state goes from 4(1/2
-
) + 2(1
-
) = 4
-
 (W6Br12), to 4(1-) + 2(1-) = -
6 (W6Br14), to 4(-1) + 2(2-) = -8 (W6Br16), to 2(-1) + 4(-2) (W6Br18). 
[Br4]
2
¯ dianions have also been found in one of three products of the reaction of 
dimethylsulfide with Br2, which produces Me2SBrn (a stable phase, n = 2, and two metastable 
coprecipitated materials, n = 2.5, 4). 
[157]
 The metastable phases are a monoclinic (Me2SBr4; 
60.6 wt%) and an orthorhombic phase (Me2SBr2.5; 39.4 wt%), the latter formulated as 
[(Me2SBr)](Br)0.5[Br4]0.25 and  containing [Br4]
2
¯ dianions. The linear  [Br4]
2
¯ dianion was 
also prepared as its [(4-BrC6H4CH2)PPh3]
+
 salt (Figure 4.2.8) following reaction of [(4-
BrC6H4CH2)PPh3]Br  with Br2 in CH2Cl2 .
[158]
 The [Br4]
2¯
 dianion is linear with Br···Br 
distances of 2.973(4) Å.   
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Figure 4.2.8. Structure of [[(4-BrC6H4CH2)PPh3]]2[Br4].
[158]
 Spheres represent: carbon (blue); 
hydrogen (yellow); phosphorus (line green); and, bromine (green). 
 
This symmetric, linear [Br4]
2
¯ dianion can also be produced by the reaction of the proton 
sponge, tetra(2-pyridyl)pyrazine (tppz), with two equivalents of Br2, in a reaction that 
generates orange crystals of the high melting double salt, [(H4tppz)][Br]2[Br4].
[159]
 The linear 
[Br4]
2
¯ dianion has Br···Br distances of 2.4167(5) (terminal) and 2.9679(5) Å (internal). The 
[Br4]
2
¯ dianions are parallel in the solid and sit at the corners of the rectangular unit cell, 
which encapsulates the tetraprotonated pyrazine tetracation. Linear [Br4]
2
¯ anions are present, 
along with isolated Br
-
 anions, in the structure of [(H4tppz)(Br)2][(Br4)],
[159]
 in which linear 
[Br4]
2
¯ anions are situated at the corners of the unit cell (Figure 4.2.9). Each unit cell 
contains a single (H4tppz) tetracation, and two bromide ions (6.86 Å apart) are situated on 
opposite crystal faces 3.43 Å from the centroid of the pyrazine ring and 5.25 Å from the 
[Br4]
2
¯ dianion.  
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Figure 4.2.9. Partial bromine network of [(H4tppz)(Br)2(Br4)], looking down the a-axis, and 
illustrating the unit cell.
[159]
 Spheres represent: carbon (dark grey); hydrogen (light grey); nitrogen 
(purple); and, bromine (green). 
 
The [Br4]
2
¯ dianions discussed above can be rationalised as two bromide anions stabilising a 
bridging dibromine molecule, or a tribromide anion interacting with a nearby bromide anion. 
In the case of the octabromide ([Br8]
2
¯) dianion, precipitated with two quinuclidinium 
cations,
[160]
 the structure can be rationalised as two tribromide fragments bridged by a 
dibromine molecule in a planar, Z-shaped configuration (Figure 4.2.10).  
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Figure 4.2.10. [Br8]
2
¯ dianion stabilised by two quinuclidinium cations.
[160]
 Spheres represent: carbon 
(dark grey); hydrogen (light grey); nitrogen (purple); and, bromine (green). 
 
This Z-shaped octabromide structure can be visualized as a dibromine molecule bridging two 
[Br3] fragments. The internal bond angle of each turn of the Z-shaped dianion is 106.8°, with 
internal Br···Br distances within the Br3¯ fragment of 2.432 and 2.663 Å, and the distance 
between the Br3¯ fragment and the Br2 molecule being 3.172 Å. Alternate descriptions of 
dianions being made up of thee Br2 molecules and two Br
–
 ions are not unreasonable, but 
considering the similarities to the bond distances of discrete tribromide anions, the former is 
often preferred.  This Z-shaped structure for the [Br8]
2
¯ dianion is also observed as the salt of 
two [(Bz)(Ph)3P]
+
 cations.
[65]
 However, the bond angles of each turn of the Z-shaped 
structure are relatively acute (88° compared to 106.8° in C7H14Br8). This difference was 
ascribed to the influence of the much larger cation in the latter case altering the crystal 
packing effects as well as more formal cation templating effects investigated in detail in 
Section 4.3.  
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The [Br10]
2
¯ dianion  was prepared as its bis(1,5-diphenyl-1,2,4,5-tetraazolium) salt by 
reacting 1,5-diphenylformazan with bromine.
[161]
 The [Br10]
2
¯ dianions form a 3×4 rectangle, 
composed of alternating [Br3] units and Br2 molecules in the solid state. The Br···Br 
distances within the Br2 units are 2.74 Å, within the [Br3] units are 2.91 and 2.94 Å, and 
between the two, 3.47 and 3.50 Å. A [Br12]
2
¯ dianion, generated as its 4,5,9,10-tetrathiocino-
[1,2-b:5,6-bA]-1,3,6,8-tetraethyldiimidazolyl-2,7-dithione salt, has also been identified.
[76]
 
Interestingly, it crystallises in an infinite three-dimensional network and further discussion on 
its unique ‘box-like’ structure will be made in the following section on polybromide 
networks. 
4.3 Three-dimensional networks and templating 
effects 
 
The extended networks of polybromide anions are of great interest in terms of examining the 
limits of the halogen bond, weak interactions between molecules and templating effects of the 
cationic support. While the working mechanism for a halogen bond consists of a Lewis 
interaction between a bromide anion and dibromine molecule (for monoanions), or a 
tribromide anion (for dianions), numerous examples of dibromine-dibromine interactions 
exist well within the boundaries of double the van der Waals radius of bromine. The dianions 
discussed previously are also examples of non-uniform halogen bonding. As mentioned in 
Section 4.2, we have chosen to attribute components of a polybromide structure to Br
…
Br 
distances of < 3.6 Å. Distances equal to or greater than 3.6 Å to a neighbouring Br2 molecule 
are thus referred to as “embedded” bromine molecules. These are considered not formally 
bound, but trapped in crystallographically defined positions during the crystallization process.  
- 75 - 
 
The preceding sections illustrate that the cationic species present in the crystal lattice has a 
significant influence over the resulting polybromide structure. One form of templating that is 
clearly present in a number of the aforementioned structures is both short and long H···Br 
interactions. Computational work on H(C)···Y–I–Y (Y = I, Br, Cl) interactions has 
demonstrated the propensity for hydrogen-halide interactions, with an energetic preference 
for bonding to terminal halide atoms.
[162]
 Short hydrogen-halogen contacts in the range of  
2.40–2.90 Å have also been discussed as “bromine-hydrogen-bridge bonds,”[84] however 
crystallographically measured H
…
Br distances often exceed this limit. Where this is the case, 
the ionic contacts have been referred to as a result of either “dipole-dipole interactions”[65] or 
“long-ranging Madelung-type charge interactions,”[62] stemming from the adjacent 
Coloumbic charges. Given these circumstances, it can be seen that the cation used to stabilise 
a polybromide structure has a significant influence over its size and shape.   
4.3.1 Steric encapsulation and non-uniform halogen bonding 
Recently, encapsulation of the bromine donor and Lewis base acceptor within a confined 
space has been shown to amplify the otherwise relatively weak halogen bond interaction, in 
part by facilitating high local concentrations of reagents, further demonstrating the influence 
of the medium on the resulting structures.
[163]
 Moreover, control of the alignment of the 
interacting species by the shape of the encapsulating moiety was also able to influence the 
strength of the interactions. Similarly, steric shielding within a crystal lattice is apparent in 
many structures, with smaller cations allowing a greater degree of freedom to obtain 
predicted energy minimized geometries.  
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On reaction of the proton sponge, tetra(2-pyridyl)pyrazine (tppz), with two equivalents of 
bromine in CHCl3/CH3CN,
[164]
 protonation of the pyridyl units occurs, with ensuing 
hydrogen bonding interactions between the alpha protons (N(H)···Br = 3.203–3.367 Å) and 
two discrete bromide ions templating a pillaring of the cations with three-fold H···Br 
interactions between each layer. Each adjacent pillar is adjoined by a linear [Br4]
2
¯ anion 
which is fixed at the terminal bromide atoms by similar H···Br···H (2.70–2.88 Å) 
interactions between two adjacent pyridinium units (Figure 4.3.1). In this instance, the 
addition of bromine is able to create a self-assembly of the cationic macromolecules, with the 
polybromide counterions sitting between them. The structure of the network could then be 
manipulated by addition of further excesses of bromine within these cationic ‘channels.’ 
 
Figure 4.3.1. ‘Channels’ of tetrabromide dianions (looking down the c-axis) directed by the self-
assembly of tetra(2-pyridinium)pyrazine cations. Spheres represent: carbon (dark grey); hydrogen 
(light grey); nitrogen (purple); and, bromine (green). 
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The two known octabromide dianions, discussed by Wolff et al in their initial report on 
[(Bz)(Ph)3P]2[Br8], are informative in regards to templating effects.
[65]
 In this case, the 
corners of the Z-shaped octabromide ion are constrained to internal Br···Br···Br bond angles 
of 88.0°, induced by the shape and molecular volume of the cation. The Z-shaped 
octabromide dianion, as stabilized by two quinuclidinium cations of (C7HI4)2Br8,
[160]
 has 
close H(N)···Br associations of 2.390 Å that fix  two bromide anions in place. In this case, 
the internal Br···Br···Br bond angles of each dianion corner corresponds to a more open 
106.8°.  This orientation is afforded by both the natural tilt of the quinuclidinium cations and 
their, on average, longer-range H···Br charge interactions. Selected portions of the crystal 
lattices are presented in Figure 4.3.2, demonstrating the primary influence of molecular 
volume on the resulting octabromide dianions reported. 
a) b)  
Figure 4.3.2. Steric influence of cations on the internal bond angles of two distinct octabromide 
dianions supported by: a) [(Bz)(Ph)3P]+ cations, and; b) quinuclidinium cations. Spheres represent: 
carbon (dark grey); hydrogen (light grey); nitrogen (purple); phosphorus (orange); and, bromine 
(green). 
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In the [Br12]
2
¯ dianion, generated as its 4,5,9,10-tetrathiocino-[1,2-b:5,6-bA]-1,3,6,8-
tetraethyldiimidazolyl-2,7-dithione salt (a side product of the oxidation of the dithiolene  
[Pd(Et2timdt)] by Br2), ([Br2(Br2)3])∞ crystallises as an infinite 3D layered network.
[165]
 Each 
layer is based on the condensation of [Br(Br2)2)]2(Br2)]
2
¯ dianions. Similar to the [(o-
SCH3C6H4)3PBr][Br∙0.5(μ-Br2)3] cation described below, the cation-bound bromine atom 
acts to direct the structure  of the resulting anion (Figure 4.3.3). In addition to this contact, 
the opposite terminus of the [Br12]
2–
 ion has an Br···S contact of 3.257 Å to another cation. 
This is consistent with a Br–S halogen bond, with sulfur assuming the role of bromine, thus 
directing and stabilizing the linearity of the [Br12]
2–
 ion.  
 
Figure 4.3.3. The influence of cation-bound S···Br or Br···Br contacts over the [Br12]
2–
 dianion in the 
4,5,9,10-tetrathiocino-[1,2-b:5,6-bA]-1,3,6,8-tetraethyldiimidazolyl-2,7-dithione salt.
[165]
 Spheres 
represent: carbon (dark grey); hydrogen (light grey); nitrogen (purple); sulfur (yellow); and, bromine 
(green). 
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A related structure is the bromine-containing [(o-SCH3C6H4)3PBr][Br∙0.5(μ-Br2)3],
[64]
 which 
is formed by addition of three dibromine equivalents to the starting cation. This results in 
bromination at the cation’s phosphorous atom, forming a seeding bromide atom (P–Br = 
2.173 Å, Br···Br = 3.534 Å) that stabilises three dibromine molecules in a [Br7]¯ like motif. 
Each cation is associated with half of each polybromide molecule, creating an extended 
layered network of bromine atoms, each layer consisting of condensed 18-member, non-
planar hexagonal rings, with chair conformations and a P–Br···Br linkage at the vertex of 
every hexagon. In addition to this interaction between the cations and the polybromide 
network, there are three H···Br interactions (2.88 Å) per cation with the polybromide 
network. The closest approach between the layers is 5.2 Å, with the cations lying in pairs 
between the layers; each pair exhibiting a phenyl embrace interaction. The pairwise 
disposition of cations determines, in part, the interlayer separation of the polybromide 
network. Thus, this compound demonstrates the possibilities of templating via modes other 
than (or in addition to) steric or hydrogen-induced bonding, in other words, via cation-bound 
S···Br or Br···Br interactions). 
4.3.2 H···Br interactions and nonabromide ions 
The four nonabromide species of the alkyl series (methyl to butyl) of tetralkylammonium 
cations prepared by Haller et al
[66,67]
 provide great insight into cation templating due to the 
structural diversity that stems from small increases in the size of the cation alkyl group. For 
the tetramethylammonium salt, the nonabromide anion adopts two configurations of distorted 
tetrahedra in its extended network, a T-shaped and Y-shaped wire with the cations oriented 
between the ends of each. The alkyl terminal hydrogen atoms are responsible for the 
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positioning of dibromine molecules, providing significant structural stabilization in addition 
to that provided by the columbic interaction with the nitrogen atom, which sits relatively 
distant from the central bromide atom of the nonabromide anion (N···Br = 6.227–6.608 Å).  
a)  b)   
c)  
Figure 4.3.4. Evolution of nonabromide extended networks with increasing alkyl-chain length of the 
supporting tetraalkylammonium cations; a) ethyl, looking along the c-axis; b) propyl, looking along 
the c-axis; c) butyl, looking along the b-axis. Spheres represent: carbon (dark grey); hydrogen (light 
grey); nitrogen (purple); and, bromine (green). 
 
Increasing the alkyl groups to ethyl substituents results in a polybromide structure made up of 
infinite layers rather than wires as illustrated in Figure 4.3.4.
[66]
 For the tetraethylammonium 
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cations, the layers are constructed from condensed 12-membered squares, formed from 
octahedral [Br4(Br2)2]¯ ions, with their equatorial bromine atoms having a Br···Br bond to 
another octahedron.  The octahedra have terminal Br2 ligands in their axial directions.  Each 
of the six-coordinate bromine atoms of a [Br{(µ-Br2)1/2}4(Br2)2]¯ ion has two short, mutually 
trans, axial Br···Br bonds of average length 2.958Å, and four longer, equatorial Br···Br 
bonds of average length 3.082 Å. The axial bromine atoms co-ordinate to a terminal bromine 
atom at an average Br···Br distance of 2.325, Å, and the equatorial bromine atoms average 
2.346 Å from an equatorial bromine atom of another [Br{(µ-Br2)1/2}4(Br2)2]¯ octahedron. If a 
Br···Br bond is taken as ≤ 3.6 Å, the layers are connected by Br···Br bonds to form an 
infinite network. Similar to the previous nonabromide structure, [N2,2,2,2]
+
 cations are more 
closely positioned between dibromine molecules than the bromide ion (N···Br
–
 = 6.227 Å). 
The cations sit between the layers, above and below each square of [Br{(µ-Br2)1/2}4(Br2)2]¯ 
octahedral, with H···Br interactions of less than 3.2 Å illustrated inFigure 4.3.5.  The longer 
alkyl chains allow for templating deeper into 3D space, stabilizing the repeated layer 
structures by H···Br interactions in multiple layers rather than the thin 2D wires of the 
tetramethylammonium cations. 
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Figure 4.3.5. A square of [Br{(µ-Br2)1/2}4(Br2)2]¯ octahedra of [N2,2,2,2][Br9], illustrating the positions 
of the [N2,2,2,2]
+
 cations and H···Br interactions < 3.2 Å. Spheres represent: carbon (blue); hydrogen 
(yellow); nitrogen (sky blue); and, bromine (green). 
Accordingly, the [N3,3,3,3][Br9] structure creates an infinite three-dimensional network of 
higher symmetry (of the tetragonal space group.) As shown in Figure 4.3.6b, the structure is 
built on hinged ‘Br8’ squares. An alternative description is as a body-centred cubic array of 
[Br(Br2)4]¯ tetrahedra, with each “terminal” atom of each Br2 ligand coordinated to a 
“ligated” bromine atom of another [Br(Br2)4]¯ tetrahedron.  The “Br8” squares are then 
composed of four such interactions between four adjacent [Br(Br2)4]¯ tetrahedra (Figure 
4.3.6b).  Figure 4.3.6a illustrates the incorporation of the [N3,3,3,3]
+
 cations as clear templates 
for these squares.  Thus, two adjacent “Br8” squares, form a polyhedron, 8.666 Å on edge, 
which encapsulates the [N3,3,3,3]
+
 cation. The shortest H···Br interactions (3.27 Å) are to the 
“terminal” atom of the Br2 ligands.  
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                            (a)                                                (b) 
Figure 4.3.6. a) Unit cell (magenta) of [N3,3,3,3][Br9], illustrating body-centred cubic disposition of 
[Br(Br2)8]¯ tetrahedra (green), Br8 hinged squares and H···Br interactions (red). B) Two hinged Br8 
squares encapsulating the [N3,3,3,3]
+
 cation of [N3,3,3,3][Br9], illustrating H···Br interactions (red) , 
Purple dashed lines are 8.66 Å Br···Br vectors.
[67]
 Spheres represent: carbon (blue); hydrogen 
(yellow); nitrogen (sky blue); and, bromine (green). 
 
When precipitated as the [N4,4,4,4]
+
 salt, the bromine network has two motifs, a chain of 
octahedral  [Br({μ-Br2}1/2)4(Br2)
2
]¯ ions, bridged in the trans octahedral positions by Br2 
molecules, and layers of corner-shared, tetrahedral [Br3(μ-Br2)6]¯ ions with the μ-Br2 
fragments bridging to tetrahedra and octahedra. The [Br(Br2)]¯ ions also making contact with 
cis Br2 units of the planar [Br(Br2)4]
-
 ions.  Two [Br(Br2)]¯ ions are bridged at each terminal 
bromine atom by Br2 molecules which bridge to a terminal bromine atom of each of two 
other [Br(Br2)]¯ ions, forming a chair conformation.  
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a)  b)         
c)  
Figure 4.3.7. Evolution of the [Br9]¯ structures prepared by Haller et al with increasing length of the 
tetraalkylammonium alkyl chain for: a) ethyl, a ‘saddle’ [Br9]¯  anion of C2v symmetry; b) propyl, a 
tetrahedral [Br9]¯ anion of Td symmetry; and c) butyl, a square-planar [Br9]¯ anion of D4h symmetry. 
Spheres represent: carbon (dark grey); hydrogen (light grey); nitrogen (purple); and, bromine (green). 
The primary nonabromide structures designated (based on the four shortest Br-Br contacts 
from the bromide ion arising from the starting bromide salt) by Haller et al for the tetraethyl, 
tetrapropyl and tetrabutyl ammonium cations are pictured in Figure 4.3.7. In these cases, the 
nonabromide anion takes on three distinct configurations, the idealized structures of which 
have been computed by Pichierri.
[112]
 The saddle-like C2v geometry of the [Br9]¯ anion is 
present for tetraethylammonium cation, the tetrahedral Td structure of the [Br9]¯ anion exists as 
its tetrapropylammonium salt and the [Br9]¯ anion of square planar D4h symmetry is found in 
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combination with tetrabutylammonium cation. Unfortunately, thermodynamic properties of 
each energy-minimized structure calculations were not presented, however the square-planar 
geometry was reported to be 11.2 kcal.mol
-1
 higher in energy than is the saddle-like C2v 
geometry. The ‘higher energy’ geometries may thus be forced by the greater molecular 
volume of the tetrabutylammonium cations relative to that of the tetraethylammonium 
cations, with the smaller alkyl chains permitting steric freedom for the nonabromide ions to 
reach an energetically favourable geometry. 
 
Figure 4.3.8. The nonabromide species forced by strong templating of the 1-hexyl-3-
methylimidazolium cation. Spheres represent: carbon (dark grey); hydrogen (light grey); nitrogen 
(purple); and, bromine (green). 
 
The additional nonabromide anion synthesized by Haller et al
[110]
 is that of the 1-hexyl-3-
methylimidazolium cation. This cation exerts its influence as a template over the anion 
through strong H···Br interactions (e.g., three short H···Br contacts of 2.933, 3.037 and 3.004 
Å as shown in Figure 4.3.8). The nonabromide motif exists in a distorted tetrahedral 
geometry that shows similarities to the saddle-like structure discussed above. This 
intermediate case for this structure is likely a result of strong templating halogen bonding by 
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the cation. The diffuse charge of the imidazolium cation may also have further stabilizing 
influences over the bromide structure, but such effects have not been investigated to date.  
4.3.3 High-order polybromide networks 
There are three reported polybromides of nuclearity equal to or greater than twenty bromine 
units, the dianions of the cations: (a) 1-butyl-1-methylpyrrolidinium ([C4MPyrr]2[Br20]),
[62]
 
(b) tributylmethylammonium ([N1,4,4,4]2[Br20]),
[65]
 and (c) tetrabutylphosphonium 
([P4,4,4,4]2[Br24]),
[75]
 all of which salts were synthesized in ionic liquid media. Generally 
speaking, each consists of a core unit that resembles a polybromide monoanion geometry, a 
six-coordinate octahedral core for the [C4MPyrr]
+
 cation, and a five-coordinate square 
pyramidal site for the structures supported by tributylmethylammonium and 
tetrabutylphosphonium cations. For structure a and b, (Figure 4.3.9), the added dibromine 
units required to complete the designations as Br20 compounds take on a number of 
unconventional dibromine-dibromine contacts each within twice the van der Waals bonding 
distance of bromine. Structure c also contains two dibromine-dibromine contacts, but 
contains a center of inverted symmetry similar to the dianions discussed in section 4.2.3.  
This increases the order of the polybromide from the Br11-like units and results in a Br20 
motif made of bromide-dibromine contacts, and two dibromine-dibromine contacts creating 
the proposed Br24 structure.  
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a)          b) 
Figure 4.3.9. The [Br20]
2
¯ anions supported by cations of: (a) [N1,4,4,4]
+
; and, (b) [C4MPyrr]
+
.  
 
The treatment of the nuclearity of the repeating polybromide unit varies in the literature. 
Further discussion on such controversies is contained in the recent review by Haller et al 
[113]
 
and the initial report of the [Br24]
2
¯ dianion by Easton et al.
[75]
 As defined in Section 4.2.1, 
the present review treats formal Br···Br bonds as those less than twice the van der Waals 
bonding distance in the crystallographic environment, and this section focuses primarily on 
the templating effects of the cations present in the crystal lattice. 
The [Br20]
2
¯ dianion of [C4MPyrr]
+
 is notable as the only known polybromide structure based 
on repeating, six-coordinate octahedra.
[62]
 The octahedron itself has dimensions that are 
similar to the calculated energy minimised tridecabromide structure of the [Br20]
2
¯ 
dianion,
[112]
 with the computed Br2···Br
-
 distance of 2.946 Å near to the crystal structure’s 
range of 2.91–3.16 Å. The templating influence of the cation appears to be minimal, allowing 
the core unit of the polybromide structure to achieve its desired lowest energy structure in 
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excess bromine. However, the [C4MPyr]
+
 cations do sit between the layers of repeating 
octahedra, and while their structural influence appears minimal, they stabilise the anionic 
structure through a number of long-range CH···Br interactions (2.920 Å). These are beyond 
the limit of bromine-hydrogen-bridge bonding and were instead described as long-range, 
Madelung-type charge interactions. This weakly associating cation thus appears to be 
important for the templating of energy-minimised polybromide networks. 
 
 a)      b) 
 Figure 4.3.10. Cation influence on the resulting polybromide network structure of [Br20]
2
¯ dianions, 
showing selected portions of: a) butyl chains of [N1,4,4,4]
+
 creating ‘channels’ that prevent the 
coordination of a sixth dibromine molecule around the core bromide ion; and, b) the lesser influence 
of [C4MPyrr]
+
 cations over the polybromide network, allowing the development of an octahedral, six-
coordinate bromide core. Spheres represent: carbon (dark grey); hydrogen (light grey); nitrogen 
(purple); and, bromine (green). 
 
The [Br20]
2
¯  dianion in the presence of tetrabutylammonium cations as prepared by Wolff et 
al contains unusual ten-membered (4×Br2, 2×Br) bromine rings in the repeating unit cell, 
which repeats in two-dimensional space. Figure 4.3.10 compares the two [Br20]
2
¯  structures 
of Wolff et al, wherein the butyl chains of the [N1,4,4,4]
+
 cations create densely packed 
channels preventing the coordination of a sixth dibromine molecule to the central bromide 
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anion, and the less dense packing of the [C4MPyrr]
+
 cations that permit the extra degree of 
freedom. 
This steric influence of densely packed alkyl-chains on the bromide coordination 
environment can also be seen for the [Br24]
2
¯ dianion, prepared as its [P4,4,4,4]
+
 salt. In this 
example, a butyl group is orientated at the base of the Br11-like square pyramids preventing 
occupation of the sixth coordination site of the central bromine atom (Figure 21b). However, 
this structure differs from that of the [N1,4,4,4]2[Br20] salt because of the symmetry of the four 
butyl groups of the [P4,4,4,4]
+
 cation (Figure 4.3.11). These prevent the formation of the alkyl 
‘channels’ seen in Figure 4.3.10. Thus, the methyl group for each tetraalkylammonium 
cation directs the polybromide network of the [Br20]
2
¯ dianion in two dimensions, whereas 
the [P4,4,4,4]
+
 cations induce three-dimensional disorder to the network of [Br24]
2
¯ dianions as 
pictured in Figure 4.3.11. 
The influence of cationic structure on the networking of polybromide ion crystallographic 
networks is clear, with multiple factors such as steric directing, H···Br interactions and non-
uniform halogen bonding all playing a part on the resulting anionic structures. Thus, with 
careful cation selection, a directed approach to polybromide formation is potentially 
achievable. 
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  a)           b) 
Figure 4.3.11. The three-dimensional disorder imposed on the [Br24]
2
¯ network by [P4,4,4,4]
+
 cations, 
with cations shown (a) (as cyan tetrahedra) and ommitted in (b). 
 
4.4 Non-crystallographic Methods of 
characterization 
 
While the crystal structures of polybromide salts are surprisingly diverse, they can be quite 
difficult to prepare and study. In the course of our research, we have noted that crystals of 
polybromide salts can degrade the nylon mounts of X-ray crystallography equipment, while 
their stabilities are often limited by both air and temperature sensitivity. Historically, 
traditional wet chemical techniques were employed in early studies of  polybromide salts,
[71]
 
but the use of spectroscopic techniques is much more pronounced in contemporary studies of 
such compounds.  
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Table 4.4.1. Known and calculated Raman absorptions for polybromide monoanions 
 
Raman absorption bands (cm
-1
) 
molecule experimental calculated 
tribromide 163
a
 171
a
 
 
198
a
 218
a
 
pentabromide 253
a
 252
a
 
 
210
a
 217
a
 
heptabromide 270
a
 282
a
 
nonabromide 276
a
 289
a
 
 
257
a
 265
a
 
undecabromide 286
b
 285
b
 
 
293
b
 292
b
 
tridecabromide --- 289
b
 
 
--- 291
b
 
a. Chen, et al 
[61]
 b. Easton, et al 
[75]
   
 
Raman spectroscopy in particular has been the preferred method of characterization 
(especially for monoanionic species) with distinct spectra observed for tribromide through to 
undecabromide ions. Thus, for example, the paired symmetric and asymmetric stretches of 
linear tribromide ion at 163 and 198 cm
-1
 were identified in the Raman spectra,
[61]
 while the 
symmetric vibration of coordinated tribromide ions embedded in crystal lattices has also been 
assigned at 220 cm
-1
.
[66]
 Generally, the ν(Br-Br) absorptions of higher order polybromide ions 
are observed in the Raman spectrum at wavenumbers increasing with their nuclearity (Table 
4.4.1, Figure 4.4.1).  These spectra were comprehensively described in 2010 by Chen et al, 
who characterised a series of solid-state polybromide products of tetraethylammonium 
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bromide, from tribromide to nonabromide.
[61]
 These designations were supported by 
calculated spectra (using MP2/6-31G(d) calculations), which have been routinely applied as a 
confirmatory technique for the newly described spectra of higher order polybromides.  
 
Figure 4.4.1. Raman spectra obtained at room temperature for the tribromide to nonabromide 
monoanion powders reported by Chen et al.
[61]
 (Reproduced with permission of American Chemical 
Society © 2010). 
 
Raman spectra for the nonabromide anion of the 1-hexyl-1-methylimidazolium cation has 
also been observed in the liquid state,
[110]
 however the features of the Raman spectrum are 
significantly broadened in such liquids. The same group has also reported much improved 
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resolution in the spectrum of an undecabromide anion when acquired at –190 °C.[63] The 
present authors have also observed similarly improved resolution at low temperatures.
[75]
 
Calculated spectra have also been presented for the putative tridecabromide anion of 
octahedral geometry; however no experimental spectra have been reported for this species in 
the literature. As seen in Table 4.4.1, the wavenumbers of known and predicted polybromide 
monoanion absorptions can be slightly different, and it can be difficult to examine the 
contributions of mixed species by Raman spectroscopy. Thus, care should be taken when 
identifying polybromide species in this narrow fingerprinting region.  
Other characterization techniques have been applied to polybromide systems, however many 
practical issues exist.  Thermogravimetric (TGA) analysis
[62]
 was used for thermal stability 
analysis of the [C4MPyr]2[Br20] solid, however the volatilization of corrosive and toxic 
bromine is undesirable practically. Similarly, analysis by differential scanning calorimetry 
(DSC) has been reported for a tribromide-containing species,
[166]
 however high order 
polybromides may react violently with conventional aluminium pans, or corrode sealed 
stainless steel vessels. UV/Vis spectroscopy has been used to identify the formation of 
tribromides in solutions of water and acetonitrile;
[167,168]
 however the high dilutions required 
may result in dissociation of higher-order polybromides and/or alterations in the positions of 
solution equilibria, and no other polybromide species have been reported to our knowledge. 
Similarly, mass spectroscopy has been enlightening for the characterization of 
polyiodides
[169]
 – with up to [I15]
-
 monoanions identified by this technique – but no reports on 
the mass spectroscopy of polybromides have been described. Electrochemical techniques 
have also been studied in detail for the oxidation of bromide salts to bromine (which is 
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sequestered as intermediate tribromide, itself oxidized at higher potentials),
[168,170]
 but no 
directed studies of polybromide anion electrochemistry have been performed.  
Thus, low temperature Raman spectroscopy is seen to be the non-crystallographic method of 
choice for polybromide study, while some promise exists for other spectroscopic and 
electrochemical methods with practical handling issues taken into consideration. 
4.4.1 Conclusions 
This review is a comprehensive overview of the polybromide literature stimulated by an 
increased interest in the study of polybromides, which has recently seen the implementation 
of the first high-order polybromide into a device (the [C4MPyr]2[Br20] crystal in a p-DSSC 
cell
[171]
) and the use of the [N3,3,3,3][Br9] solid as a highly selective and easy to handle 
bromination reagent.
[60]
 It was shown that from the simple Br
–
, Br2 and Br3
–
 building blocks, 
a startling diversity of structures can be formed with careful manipulation of reaction media 
and stabilizing cations. With a directed approach to reagent and medium design, it is clear 
that the polybromide literature can rapidly increase in scope and importance, leading to the 
directed synthesis of stable and remarkably energy dense components of potential future 
technologies such as batteries or solar cells.   
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Chapter 5: Zinc bromide in aqueous 
solutions of ionic liquid bromide salts: the 
interplay between complexation and 
electrochemistry 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is an expanded version of a manuscript of the same name that was accepted for 
publication in RSC Advances in September, 2015. 
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5.1 Introduction 
The performance of the Zn/Zn(II) redox couple in novel electrolytes has been of significant 
research interest in the fields of electrodeposition and electrochemical storage devices. In the 
latter case, zinc is a promising candidate in half cells due to its abundance and low cost, as 
evidenced by its use in a number of electrochemical storage devices including the zinc-air 
batteries,
[172]
 the sodium-zinc chloride battery,
[24]
 the zinc bromide hybrid flow battery 
(ZBB)
[28,29]
 and batteries employing various other zinc-based chemistries.
[14,22]
 While 
research is often focused on conventional electrolytes,
[43,173]
 several publications have 
recently employed various classes of ionic liquids as components of new electrolyte systems.  
These ionic liquids are often based on imidazolium and pyrrolidinium cations (the latter of 
which have been in use since the 1970s
[37,79,174]
) paired with triflate, 
bis(trifluoromethanesulfonyl)imide or dicyanamide anions.
[175-179]
  
The movement towards ionic liquids as electrolytic media is primarily motivated by their 
wide electrochemical windows, low vapour pressures (preventing drying out of the 
electrolyte) and the exclusion of potential-limiting water reactions.
[17,40,180,181]
 Recent work 
has shown high cyclability and energy current densities for Zn-air batteries in IL 
electrolytes,
[176,178,182]
 while in the case of the ZBB, IL-like bromide salts have long been used 
as additives to the aqueous electrolytes in order to sequester the otherwise volatile and 
corrosive bromine evolved at the battery’s anode.[37,82,174] This so-called bromine 
sequestering agent (BSA) is typically the bromide salt of the 1-ethyl-1-methylpyrrolidinium 
cation. The primary requirement for a BSA is the presence of the bromide anion, which can 
be matched with numerous cationic species.  
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Recent work for the Zn/Zn(II) redox couple in ILs has demonstrated favourable cyclability 
and zinc deposition morphology with an increase in the concentration of water in the 
electrolyte.
[176,178,183]
 Xu et al.
[176]
 proposed an optimised electrolyte composition for zinc-air 
batteries consisting of molar ratios of IL:H2O:DMSO of 1:1.1:2.3, which can alternatively be 
viewed as a concentrated IL solution (~ 5 M). Further work showed the advantages of low 
concentrations of IL (0.5 wt%) as additives to influence the arrangement of the electric 
surface layer,
[184]
 demonstrating the controllable nature of an electrolyte system with careful 
tailoring of its components. Further, this demonstrates a shift in the battery literature from 
aqueous battery electrolytes, via all-IL electrolytes, to a median point that takes advantages of 
each regime.  
In aqueous electrolytes, IL-like additives have been shown to favourably influence zinc 
deposition rates and morphologies, as well as battery performance.
[176,185]
 Despite IL BSAs 
being a significant component of the ZBB electrolyte (1.0 M), little work has been performed 
to screen the influence of such IL BSAs on zinc deposition behavior outside of the 
determination of general physical properties.
[37]
 Similarly, recent studies of ILs for the zinc-
containing cells typically focus on anion variation rather than the influence of cationic 
species on zinc speciation.
[186,187]
  
Conventional cyclic voltammetry (CV) for metallic electrodeposition involves a reduction of 
metal ions to the neutrally charged metal, electrodeposited on the electrode surface. On the 
return sweep, a potential crossover occurs (referred to as the nucleation loop) due to a change 
in the nature of the electrode surface as a consequence of metal deposition, which results in 
oxidation of the metal (the stripping peak) at more positive potentials than that of the 
reductive peak.
[188,189]
 These conventional CVs for electrodeposited metals are observed 
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where minimally complexed metal ions are freely available for electrodeposition from their 
electrolyte system.  However, some ILs are capable of complexing metallic ions, resulting in 
an alteration of the observed electrochemistry.
[177,184]
 Thus, this complexation may also 
provide opportunities to direct the kinetics and morphologies of zinc electrodeposits.
[33,190]
 
An unconventional deposition pattern involving ‘blocking’ of the electrode from reduction of 
metal ions during a forward (reducing) voltammetric scan has recently been observed for the 
zinc redox couple in neat ionic liquids and aqueous media,
[175,177,178,190]
 as well as in deep 
eutectic solvents incorporating choline chloride and ethylene glycol.
[173,191]
 This behavior has 
been ascribed to one of four general schemes. Simons et al. suggested the pre-formation of an 
IL double-layer on polarization of the electrode, preventing the approach of electroactive 
species.
[177,178]
 By this mechanism, on the return positive scan a relaxation of this double-
layer was proposed, allowing the complexed zinc species to be reduced at the still reducing 
return potentials. Similarly, Whitehead et al. pointed to the assembly of a positively charged 
solvent species (in their case, choline
 
cations), resulting in the blocking and passivation of the 
electrode surface on the forward, negative scan.
[192,193]
 Xu et al. demonstrated preferential 
electrodeposition of zinc with the addition of water to an all-IL electrolyte, complexing zinc 
as positively charged zinc aqua cations rather than as the negatively charged complex from 
the dicyanamide anions studied.
[175,176,184]
 Alternatively, the work of Vieria et al. proposed 
the formation of an intermediate [RO]
–
 species produced by deprotonation of the solvent (in 
their case, ethylene glycol) at reducing potentials, with favourable deposition occurring from 
an intermediate Zn(OR)n species.
[173,191]
  
The work reported here outlines the varying electrochemistry of the Zn/Zn(II) redox couple 
in solutions of zinc bromide and aqueous bromide salts. Cation variation in some cases is 
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shown to result in an alteration of the zinc deposition mechanism. These alterations are 
ascribed to complexation of bromozincate intermediates which were isolated and structurally 
characterised. In addition to developing structural criteria for the selection of new BSAs, this 
work provides a resolving explanation for conflicting mechanistic discussions of the 
Zn/Zn(II) redox couple in the presence of complexing additives.  
5.2 Results and Discussion 
5.2.1 Structural characterization of bromozincate precipitates 
High concentration aqueous solutions of zinc bromide and some bromide salts ([Q][Br], 
where Q = cation) can yield a precipitate that was proposed in the early zinc bromide battery 
literature to be of stoichiometry ZnBr2.2QBr.
[79,80]
 At high concentrations (i.e., 1 M each of 
ZnBr2.2H2O and [Q][Br]) of the salts in this study, such white precipitates were formed 
immediately for mixtures of the longer alkyl chain salts ([C6MPyrr]Br and [N4,4,4,4]Br), while 
the solution containing [C2MPyrr]Br exhibited no obvious evidence of precipitation at high 
concentrations. At a concentration of 1 M, an aqueous solution of equimolar amounts of 
ZnBr2 and [N2,2,2,2]Br could be prepared, which slowly precipitated large, prismatic crystals 
of a ZnBr2∙[N2,2,2,2]Br salt over 12 h. In the case of [C6MPyrr]Br, a colourless solid 
precipitated rapidly, but required recrystallization for further analysis (see experimental 
section). Selected crystals from these two solids were examined by single crystal X-ray 
diffraction, vide infra. By contrast, the rapid precipitation of solid masses from aqueous 
ZnBr2 solutions containing [N4,4,4,4]Br produced a solid, the crystals of which were of 
insufficient quality for crystallographic analysis. 
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(a)        (b) 
Figure 5.2.1. The structure of [N2,2,2,2]2[Zn2Br6] determined by single crystal X-ray diffraction: a) 
showing the repeating unit of two tetraethylammonium cations and the dizinchexabromide anion, and; 
b) extended lattice looking along the c-axis to show encapsulation of the bromozincate dianions. Red 
spheres indicate the positions of bromine atoms, purple, those of zinc atoms, orange those of nitrogen, 
dark grey those of carbon and light grey those of hydrogen, atoms.0020 
 
Single crystal X-ray diffraction analysis of the crystalline solid precipitated from the aqueous 
solution of [N2,2,2,2]Br and ZnBr2 revealed a salt of the formula [N2,2,2,2]2[Zn2Br6] (Figure 
5.2.1). The [N2,2,2,2]2[Zn2Br6] moieties stack in layers, similar to those of the 
dizinchexabromide dianion previously characterised in the literature in the presence of other 
cations.
[194,195]
 The closely related ZnBr3
–
 salt of [N3,3,3,3]
+
 has been spectroscopically 
identified
[196] 
but not structurally characterized. The [Zn2Br6]
2–
 anion can be considered a 
dimer of two ZnBr3
– 
units, a ZnBr2 adduct of a tetrahedral [ZnBr4]
2–
 ion, or as two edge-
sharing [ZnBr4]
2–
 units. The crystal structure of Figure 5.2.1 most closely resembles the latter 
case, and is thus described as [(ZnBr3)2(µ-Br)2]
2–
. The depiction of the crystal packing in 
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Figure 5.2.1b shows layers of tetraeethylammonium cations that encapsulate the 
bromozincate dianion.  
The solid obtained by precipitation from the solution of [C6MPyrr]Br and ZnBr2 was also 
structurally characterized, and designated the formula [C6MPyrr]3[Zn2Br7] (Figure 5.2.2). 
Unlike the dizinchexabromide dianion (Figure 1a), a bromine atom (shown in Figure 5.2.2b 
displaced from, and disordered around the Zn-Br-Zn axis in three positions) can be 
considered to bridge two [ZnBr3]
–
 moieties, resulting in two four-coordinate zinc sites. A 
dizincheptabromide trianion has been assigned previously as a dimer of [ZnBr4]
2– 
by Raman 
spectroscopy, but not structurally characterized.
[197,198]
 Consistent with the previous structural 
description, the [Zn2Br7]
3–
 trianion can be considered as comprising two corner-sharing 
[ZnBr4]
2– 
tetrahedra, and can be described as [{ZnBr3}2(µ-Br)]
3–
. The crystal packing 
depicted in Figure 5.2.2b shows encapsulation of the bromozincate ions by the [C6MPyrr]
+
 
cations. 
The characterization of the bromozincate salts as either a [{ZnBr2}2(µ-Br)2]
2–
 dianion or 
[{ZnBr3}2(µ-Br)]
3–
 trianion suggests the possibility of a related monovalent ion. The dianion 
structure has been interpreted as two [ZnBr4]
2– 
tetrahedra that share an edge, whilst in the 
trianion structure a vertex is shared to form the trianion. This suggests the possibility of a 
shared face between the two tetrahedra resulting in a [Zn2Br5]
–
 monoanion. Although such a 
structure has not yet been directly characterised, the [Zn2Br5]
–
 has been observed by high 
resolution mass spectrometry as a component of a cyanamide-zinc complex.
[199] 
The present 
work suggests that this ion might be isolated by strategic variation of the IL counterion. 
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(a)              (b) 
Figure 5.2.2. The structure of [C6MPyrr]3[Zn2Br7] determined by single crystal X-ray diffraction: a) 
showing the repeating unit of three 1-hexyl-1-methylpyrrolidinium cations and the 
dizincheptabromide anion, and; b) extended lattice looking along the c-axis to demonstrate the 
encapsulation of the dianions. Red spheres indicate the positions of bromine atoms, purple, those of 
zinc atoms, orange those of nitrogen, dark grey those of carbon and light grey those of hydrogen, 
atoms.  
 
The structural determination of the two bromozincate compounds above demonstrates the 
complexation behavior that is possible in solutions of zinc bromide and IL bromide salts. For 
the ensuing voltammetric study, solutions at these concentrations were unable to be studied 
due to precipitation of the electroactive zinc salt. Thus, concentrations were decreased 
significantly (from 1 M to 50 mM) to a level where no precipitation occurred in order to study 
a homogenous aqueous medium. 
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5.2.2 Cyclic voltammetry of zinc bromide in the presence of ionic liquid 
bromide salts  
Cyclic voltammetry experiments at a glassy carbon electrode were performed by scanning 
potentials in a negative direction from a resting potential at which no electrochemical 
reaction occurs (–0.6 V vs Ag/AgCl), to a potential beyond the reducing peak current (–1.4 V 
vs Ag/AgCl), before scanning back to the initial potential value. In each experiment, 
equimolar aqueous solutions of zinc bromide and a bromide salt were prepared at 
concentrations of 50 mM each in a supporting electrolyte of 0.4 M KCl. The four bromide 
salts studied fall into two classes, where the cations were: tetraalkylammonium ([Nn,n,n,n]) or 
1-alkyl-1-methylpyrrolidinium ([CnMPyrr]) where n = 2 or 4 (linear tetraethyl or tetrabutyl) 
for the former, and 2 or 6 (linear ethyl or hexyl chains) for the latter salts. 
A clear influence on the reversible deposition of zinc on a glassy carbon working electrode 
(Figure 5.2.3) is observed on alteration of the cation of the bromide salt additive. The CVs of 
Figure 5.2.3a and Figure 5.2.3b (redox behaviour in the presence of [C2MPyrr]Br or 
[N2,2,2,2]Br respectively) are typical for metallic deposition and stripping in aqueous solutions. 
These sequences consist of a reductive, deposition current (in this case, beginning at 
approximately –1.15 V vs Ag/AgCl), with the oxidative, stripping, current occurring at a 
more positive potential than that of deposition onset, which is consistent with the nucleation 
of a solid species on the working electrode (the ‘nucleation loop’).  
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Figure 5.2.3. Cyclic voltammograms (selections from five cycles) of equimolar 50 mM aqueous 
solutions of ZnBr2.2H2O and: a) [C2MPyrr]Br; b) [N2,2,2,2]Br; c) [C6MPyrr]Br; d) [N4,4,4,4]Br. (scan 
rate 100 mV/s; supporting electrolyte 0.4 M aqueous KCl). 
 
On increasing the alkyl chain lengths of the bromide salts added, a significant change in zinc 
redox behavior is observed for both classes of bromide salts (Figure 5.2.3c-d). For the 
change from [N2,2,2,2]Br to [N4,4,4,4]Br additives, at the same zinc concentration, the most 
prominent peak current magnitudes are decreased from 0.66 and 0.33 mA to 0.04 and  0.007 
mA, respectively. Notably, an unconventional deposition pattern occurs for zinc deposition in 
the presence of the larger cation, with minimal deposition occurring on the forward (negative) 
scan, and the largest deposition current observed for the reverse sweep, with as many as four 
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distinct deposition currents observed. This behaviour persists for repeating cycles, with the 
stripping peak current decreasing substantially from the 1
st
 to 5
th
 scan.  
Similar behaviour is observed on comparison of the electrolytes containing ethyl- 
([C2MPyrr]
+
) to hexyl-substituted ([C6MPyrr]
+
) cations. The CV in the presence of 
[C6MPyrr]Br demonstrates similar unconventional deposition behaviour to that observed in 
the presence of   [N4,4,4,4]Br, although a significant amount of deposition on the forward scan 
(1
st
 cycle only) is apparent prior to an additional deposition current observed on the return 
sweep. On repeat cycles, an alteration of the deposition pattern is observed that is repeated 
for the next five cycles, whereby deposition on the reverse sweep is the dominant reductive 
process observed. 
The increase in alkyl-chain length of the cations of the accompanying bromide salts is shown 
to influence scan rate dependence as well as the cycling behaviour of the voltammograms 
(Figure 5.2.4). For the ethyl-substituted cations, zinc deposition is shown to be diffusion 
controlled and minimally altered by repeat scans, as is expected for free deposition and 
stripping. Conversely, voltammetry in the presence of [N4,4,4,4]Br and [C6MPyrr]Br 
demonstrates no clear relationship between peak current and scan rate. In the case of 
voltammetry in the presence of [N4,4,4,4]Br, deposition and stripping currents appear to 
increase with decreasing scan rate, suggesting a deposition mechanism which is time-
dependent rather than diffusion related. It is suggested that the slower scan rates result in an 
increase in the voltammetric response due to a time and potential dependent arrangement of 
complexed ions in the electrolyte, in which a relaxation of blocking cation layers on the 
reverse sweep allows for further electrodeposition (vide infra). At faster scan rates, such a 
relaxation process does not occur quickly enough, so that the electrode passivation is not 
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overcome within the timescale of the CV scan, and thus, the observed peak currents are 
decreased. 
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Figure 5.2.4. Cyclic voltammograms of equimolar 50 mM aqueous solutions of ZnBr2.2H2O and: a) 
[C2MPyrr]Br; b) [N2,2,2,2]Br; c) [C6MPyrr]Br; d) [N4,4,4,4]Br. (Varying scan rates; supporting 
electrolyte 0.4 M KCl). 
 
In the presence of [C6MPyrr]Br, decreasing scan rates result in mixed electrodeposition 
modes (on both forward and reverse scans) with equivalent stripping peak currents and the 
appearance of a second stripping response at a scan rate of 20 mV/s. Multiple zinc stripping 
peaks such as these have been attributed in the past to alloyed metal deposits (e.g. Au/Zn)
[183]
 
or the influence of high electrolyte viscosity,
[175]
 which are not plausible explanations for this 
study. In the present case, it is likely to be a result of two distinct zinc deposition modes, for 
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example, zinc-on-glassy carbon and zinc-on-zinc. This behaviour is an established 
phenomenon in metal stripping voltammetry,
[200]
 however no further evidence of such 
phenomena was observed by SEM, vide infra. 
5.2.3 Deposition mechanisms 
Both of the observed zinc deposition mechanisms have literature precedence, with 
conventional deposition modes associated with freely mobile metal ions, and the alternative 
mechanism (dominated by reduction on the reverse sweep) present in cases where significant 
complexation or electrolyte viscosity dominates the metal speciation in solution. This work 
examines the use of structurally similar additives (altered only by the substituted alkyl-chain 
length of the additive’s cations) to form solutions that are susceptible to both mechanisms of 
deposition.  Thus, neither one of the literature descriptions of deposition is by itself sufficient 
to explain the behavior observed here. The presence or absence of an IL double layer
[178]
 or 
formation of an intermediate deprotonated species
[191]
 would be dependent upon the alkyl-
chain length of the cation, which is unlikely to be the sole determinant for the observed 
behaviour, but serves as a useful point of departure for the following discussion. Further, the 
susceptibility to electrode passivation on the forward (reducing) scan due to the pre-formation 
of an intermediate [RO]
–
 species cannot be an isolated solvent phenomenon in this case (as 
the solvent, water, is constant). Thus, for the data observed a combination of both the IL 
double layer proposed by Simons et al. and the complexation of metal ions described by Xu 
et al. are likely the most valid.
[175-178]
  
Zinc can be complexed by negative bromide, neutral water ligands, or both, influencing the 
arrangement of the electric double layer (EDL) at the polarized working electrode. Such an 
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EDL arrangement is a well-known phenomenon in aqueous electrolytes,
[201]
 with similar 
behaviour also observed in detail by atomic force microscopy (AFM) and other physical 
methods in the ionic liquid literature.
[202,203]
 It is suggested that in the presence of the longer 
alkyl-chain containing cations, zinc ions are coordinated preferentially as an anionic 
bromozincate species due to the lipophilic association of the larger cations, which were 
shown by structural characterization to ‘sandwich’ the complexed bromozincate anion. 
Since the forward scanning reducing potentials occur concurrently with negative polarization 
of the working electrode, the formation of anionic zinc ions will disfavour electrodeposition 
due to repulsion of the zincate anions by the polarized electrode. As seen in the CV study, 
when the working electrode is positively polarized (following the switching potential), a 
depolarization of the EDL occurs, and electrostatic attraction of the anionic zinc species 
promotes deposition. In the case of the additives, [Q][Br] (where Q = cation), that are poor 
donors of  bromide ligands toward zinc ions, electrodeposition occurs readily on the forward 
scan. This demonstrates that neutral or uncomplexed zinc species are able to more readily 
penetrate the EDL. In aqueous, bromide-containing media, these two deposition mechanisms 
can be summarized by Equations 5.2.1 (unconventional, unfavourable deposition) and 5.2.2 
(conventional, favourable deposition), respectively. Although these effects likely act in 
concert in the presence of each additive, [Q][Br], the predominance of one mechanism is 
suggested by the voltammetric observations. 
Zn(Br)x
(x-2)–
    +    2e
–
        Zn0    +    xBr
–
     (5.2.1) 
Zn(H2O)y
2+
    +    2e
–
        Zn0    +    yH2O     (5.2.2) 
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A situation similar to that described in Equations 1 and 2 was proposed for zinc 
electrochemistry in dicyanamide (DCA) ionic liquids by Xu et al., in which water-containing 
electrolytes showed preferential electrodeposition due to the formation of positively charged 
hydrated complexes, rather than the negatively charged Zn(DCA)n
(n-2)–
 complexes.
[176,184]
 
Further evidence of such behaviour can be obtained through the observation of current 
transients and the resulting deposition morphologies during the constant potential electrolysis 
of zinc in each solution. 
Table 5.2.1. Faradaic efficiencies calculated from the integral of the reduction and oxidation signals 
in the cyclic voltammograms shown in Figure 5.2.3 and 5.2.4  
BSA Scan Rate (mV/s) Faradaic Efficiency (%) 
 
100 87 
[C2MPyrr]Br 50 64 
 
20 57 
 
100 94 
[C6MPyrr]Br 50 89 
 
20 87 
 
100 87 
[N2,2,2,2]Br 50 66 
 
20 69 
 
100 95 
[N4,4,4,4]Br 50 96 
 
20 94 
 
When performing electrochemical analyses at reducing potentials in aqueous solutions, the 
likelihood of hydrogen evolution resulting from the reduction of water must be accounted for. 
A simple measure of the influence of hydrogen evolution over CV currents examined at 
reducing potentials can be found by investigating the Faradaic efficiency (FE) of oxidation to 
reduction currents.
[201]
 Integration of oxidizing and reducing currents yields an estimate of the 
charge passed at the working electrode (in A.s
-1
) which can then be used to derive values for 
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Faradaic efficiency. Charge ‘lost’ to water hydrolysis is thus signified smaller values of FE. It 
can be seen from Table 5.2.1 that in almost every CV studied, hydrogen evolution appears to 
have occurred over the duration of the voltammetric experiment. While hydrogen evolution 
appears to be minimal for the CVs investigated at a more rapid scan rate of 100 mV/s (FE = 
87 – 95%) due to the short time spent at reducing potentials, significant charge is lost to 
hydrogen evolution at 20 mV/s (e.g., FE of 57% in the solution containing [C2MPyrr]Br). It’s 
notable that hydrogen evolution appears to be more apparent for those samples qualitatively 
exhibiting the ‘ideal’ zinc voltammetry patterns, however the reason for this is as yet 
unknown. The consequences of hydrogen evolution on the observed voltammetry here is 
beyond the scope of this Chapter, of which a key aim is the analysis of zinc bromide 
complexation through bromozincate intermediates. It is unlikely that the generation of 
hydrogen influences this interaction to a great extent, but regardless, it is important to note 
that it may play a part for future studies. 
5.2.4 Chronoamperometry and zinc deposition morphologies 
Figure 5.2.5 demonstrates overlaid current transients for each sample studied by 
chronoamperometric methods, in which a constant depositing potential of –1.25 V vs 
Ag/AgCl was applied to examine the resulting current response. Significantly larger peak 
deposition currents (280 and 300 mA) are observed for the additives with ethyl-substituents 
than are observed when using their long alkyl-chain cogeners, for which significantly 
hindered rates of deposition ([C6MPyrr]
+
 – reaching a peak deposition potential of 100 mA at 
6s), or very minor deposition currents are observed (10 mA for the [N4,4,4,4]
+
). 
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Figure 5.2.5. Chronoamperometric transients for zinc deposition (-1.25 V vs Ag/AgCl) in the 
presence of IL bromide salts (indicated in the legend). 
 
This resistance to immediate deposition is suggested to be a result of the complexation mode 
of Equation 1, resulting in repulsion of zincate anions approaching the negatively polarized 
electrode. Precise determination of nucleation mechanisms and the resulting diffusion 
coefficients by the methods of Sharifker and Hill,
[204]
 were inaccessible, since the current 
transients failed to accurately reflect the model transients for neither instantaneous nor 
progressive nucleation (Figure 5.2.6).  
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Figure 5.2.6. Dimensionless chronoamperograms (black solid line) normalized from the raw 
chronoamperogram in Figure 5.2.5, where electrodeposition was performed in a solution containing: 
a) [C2MPyrr]Br; b) [N2,2,2,2]Br; c) [C6MPyrr]Br; d) [N4,4,4,4]Br. The modelled response for 
instantaneous (red solid line) and progressive (lime green solid line) nucleation from Equation 1 and 2 
are plotted adjacent to the normalized current transient. 
 
The theoretical current transients for metal electrodeposition progressing by these two 
nucleation modes are defined by Equations 5.2.3 (instantaneous) and 5.2.4 (progressive) – 
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– whereby visual inspection of the normalized experimental chronoamperogram against the 
modelled transients can lend further information about the nucleation processes occurring at 
the electrode. In this case, it appears a modified nucleation mode resembling progressive 
nucleation is most likely, but because experimental dimensionless transients are only poorly 
fitted by the calculated transients, this cannot be stated with confidence.  
Nevertheless, the effect of this hindered deposition mode on the size and morphology of the 
corresponding zinc deposits can be observed via SEM analyses (Figure 5.2.7). The SEM 
images demonstrate a denser arrangement of deposited zinc when the deposition occurs in the 
presence of the ‘non-complexing’ additives as compared to what is the case when the 
‘complexing’ additives are employed.  This is consistent with the higher deposition currents 
observed in the chronoamperometric transients, which demonstrate a greater charge passed 
per unit time, and thus more deposited zinc.  
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Figure 5.2.7. SEM images of zinc electrodeposits from equimolar aqueous solutions of ZnBr2.2H2O 
and: a) [C2MPyrr]Br; b) [N2,2,2,2]Br; c) [C6MPyrr]Br; d) [N4,4,4,4]Br. (5 min @ -1.25 V on FTO glass). 
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The hexagonal deposition morphologies are shown to be related for each sample, with more 
rapid electrodeposition resulting in, for example, hexagonal columns of about 1 μm in length 
for deposition in the presence of [N2,2,2,2]Br (6b) compared to thin (50 nm) hexagonal discs 
for the low-current deposition in the presence of [N4,4,4,4]Br (6d) induced by complexation of 
the zinc cation by negative bromide ligands.  
5.3 Conclusions 
Examination of the Zn/Zn(II) redox couple in the presence of equimolar concentrations of 
various bromide salts has identified two different electrochemical deposition mechanisms. 
The bromide salts that were shown to complex zinc cations to form anionic bromozincate 
species of the general formula ZnnBrn.2(QBr) experienced minimal electrodeposition on the 
forward (reducing) scans, due to the unfavourable negative charge of the [ZnnBr(n+2)]
m
¯ anion 
inhibiting reduction on a negatively polarized electrode. Conversely, conventional cyclic 
voltammograms were observed in the presence of those bromide salts that did not 
significantly form negative bromozincate complexes. The structures of a dizinchexabromide 
dianion and dizincheptabromide trianion were also determined, the latter of which represents 
the first structural characterization of such an ion. The common structural motifs of these ions 
– condensed [ZnBr4]
2
¯ tetrahedra, suggest the existence of a [Zn2Br5]¯ anion, composed of 
two face-sharing tetrahedra. This work provides additional structural criteria for aqueous 
electrolyte additives for technologies such as the zinc bromide flow battery. This work also 
provides an additional explanation for the conflicting mechanistic literature discussions of the 
Zn/Zn(II) redox behaviour in the presence of complexing additives and expands upon general 
bromozincate chemistry. 
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5.4 Experimental Section 
5.4.1 Chemical Reagents 
Zinc bromide dihydrate (ZnBr2.2H2O) was used as received (Aldrich). 1-alkyl-1-
methylpyrrolidinum bromide salts ([CnMPyrr]Br, n = ethyl or hexyl) were prepared by 
quaternisation of 1-methylpyrrolidine (Alfa-Aesar) with the required bromoalkane  
(bromoethane, BDH or bromohexane, Merck) by standard literature methods.
[98]
 The 
resulting white solid was recrystallized from its acetonitrile solution by addition of ethyl 
acetate and was dried under vacuum at 60°C prior to use. Tetraethylammonium bromide 
([N2,2,2,2]Br, Merck), tetrabutylammonium bromide ([N4,4,4,4]Br, Merck), potassium chloride 
(KCl, Ajax), ferrocene, (Aldrich), and tetrabutylammonium perchlorate ([TBAP], Aldrich) 
were used as received. FTO glass (TEC-15 glass plate, Dyesol Industries) was pre-treated by 
three rinses in a sonicating bath with acetone, isopropanol and deionized water, respectively. 
The treated FTO glass was dried under nitrogen prior to use.  
5.4.2 Voltammetric Methods 
All voltammetric experiments were performed on an edaq ER466 Integrated Potentiostat 
System (edaq, Sydney, Australia) using a conventional three-electrode configuration. Cyclic 
voltammograms were obtained using a 1mm diameter glassy carbon working electrode (edaq) 
with a Pt wire as counter electrode and a leakless Ag/AgCl reference electrode. Working 
electrodes were polished on a succession of alumina slurries (1 µM and 0.3 µM) prior to each 
experiment and treated with oxidizing potentials following each experiment to remove any 
deposited zinc. The electroactive surface area was calibrated from the oxidation of a 5 mM 
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ferrocene solution in 0.1 M TBAP in acetonitrile, assuming the diffusion coefficient to be 2.4 
x 10
-7
 cm.s
-1
 at 25°C.
[205]
 All solutions were purged with argon prior to analysis and the 
experiments were conducted at 25 ± 2°C. 
Chronoamperometry was performed in refreshed electrolyte solutions of identical 
compositions to the cyclic voltammetric studies. Current-time transients were collected via 
two-step chronoamperometry, with 3s equilibration time at -0.6 V preceding reduction at -
1.25 V vs Ag/AgCl reference. Similarly, zinc electrodeposits were prepared on an FTO glass 
working electrode substrate by the same methodology. These electrodeposits were rinsed 
with deionized water and then acetone, prior to drying under nitrogen flow and mounting for 
Scanning Electron Microscopy (SEM) analysis. SEM was performed with a Zeiss ULTRA+ 
instrument operating at 5.0 kV. 
5.4.3 Crystallographic Methods 
For the [N2,2,2,2]2[Zn2Br6] salt, colourless, prismatic crystals were collected on standing of an 
equimolar 1.0 M aqueous solution of [N2,2,2,2]Br and ZnBr2 for 24 h. The crystal structure was 
solved in the space group P21/n (#14) by direct methods and the formula designated 
[N2,2,2,2]2[Zn2Br6] (see ESI for further details). For the [C6MPyrr]3[Zn2Br7] compound, a 
colourless solid precipitated rapidly from a 1.0 M aqueous solution of [C6MPyrr]Br and 
ZnBr2. This solid was removed, dried and dissolved in acetone, with recrystallization of 
irregular shaped crystals via slow evaporation of the solvent. The structure was solved in the 
space group P31c(#159) by direct methods prior to refinement and treatment for twinning 
(see Appendix for further details).  
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Chapter 6: Conclusions, Applied Results 
and Future Investigations 
- 119 - 
 
6.1 Research Conclusions  
Prior to the writing of this thesis, detailed knowledge concerning many of the chemical 
subtleties of the zinc bromide flow battery (ZBB) was scarce. Despite the technology having 
matured over the last thirty years,
[3,28,29]
 studies of the bromine sequestering agent (BSA) in 
particular were limited to the physical properties of the electrolyte, or the effect of operating 
conditions on full-cell performance.
[79,80,82,83]
 A key aspect of the work contained within this 
thesis was to understand, in detail, the intricate aspects of zinc and bromine chemistry 
pertaining to the ZBB with the goal of working towards a targeted approach to improved 
additives. 
In Chapter 2, fundamental studies of the interactions between ionic liquid bromide salts 
revealed insights into the design parameters required for the targeted selection of bromine 
sequestration agents. Through complementary spectroscopic (
1
H NMR and Raman 
spectroscopies) and computational (density functional theory) studies, six structurally related 
salts were examined. Understanding the manner in which inter-ionic interactions (e.g., 
Coulombic and H···Br interactions) influence the relative strength and mode of association 
with polybromides yielded important information, allowing the targeted selection of BSA 
cations. It was found that cations that facilitated the formation of higher-order polybromides 
typically elicited a lessened electronic influence over its starting monobromide anion. 
Structural engineering of the BSA cation may then have an observable influence over the 
performance of the bromine/bromide redox couple in the ZBB.  
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This thesis also demonstrated the potential of ionic liquids as a robust solvent medium for the 
sequestration of very high-order polybromides. The room-temperature ionic liquid (IL) 
system of tetraalkylphosphonium cations (as bromide and bis(trifluorosulfonyl)imide salts) 
was utilized to support the sequential growth of pentabromide to undecabromide anions in 
solution. From one of these solutions, a [Br24]
2-
 crystal was isolated, representing the largest 
polybromide species reported to date (Chapter 3). This work demonstrated the potential of an 
IL medium as a versatile solvent matrix for the sequestration of large excesses of bromine, 
which has potential for energy dense electrolytes in future designs of bromine-containing 
cells. From this study, questions regarding the bonding systems within crystallographic 
environments of polybromide networks were raised with respect to the literature. As a 
consequence, robust critical review of polybromide compounds (Chapter 4) was undertaken 
with the aim to reach consistency among structural assignments in the crystallographic 
literature. 
In Chapters 2 and 3, the study of IL bromide salts demonstrated the efficacy of 
tetraalkylammonium and tetraalkylphosphonium cations in sequestering higher-order 
polybromide anions. However, on attempting to include such compounds in a zinc bromide-
containing electrolyte for further study, these highly symmetric BSAs were shown to 
precipitate as solid bromozincate salts (e.g., dizinchexabromide or dizincheptabromide 
anions) at high concentrations (Chapter 5). This precipitation behavior prevented the 
application of, for example, tetrabutylphosphonium bromide as a BSA in the zinc-containing 
solutions required for the ZBB. On studying these BSAs at concentrations where 
precipitation did not occur, the BSAs substituted by longer-chain alkyl groups (butyl or 
hexyl) were shown to hinder electrodeposition due to the complexation of zinc as negatively 
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charged bromozincate ions. The magnitude, reversibility and cyclability of zinc deposition 
were all hindered in the presence of BSAs with longer alkyl-chains, while those with shorter 
aliphatic chains were shown to be favourable agents for use as ZBB electrolytes due to the 
decreased formation of anionic zinc complexes. 
Based on the work contained in this thesis it is clear that the strength of bromide 
sequestration by the BSA can be predictable from the analysis of the modes of cation-anion 
interaction. However, specific battery design will determine whether a strongly or weakly 
sequestering agent is preferred for battery operation. The results presented simply allow for a 
rational tuning of this important parameter and represent a step-change for the field. The 
prevention of anionic bromozincate complex formation by tailoring of the BSA cation to 
minimize the aliphatic character of the BSA cation was also demonstrated to be a vital design 
parameter. The manner in which these insights may be taken forward for future ZBB cell 
design is discussed in Section 6.2. 
6.1 Applied Results 
The fundamental chemistry examined in this thesis was performed under idealized 
experimental conditions that do not represent the true chemistry seen in a ZBB cell. For 
example, polybromide studies were performed in either IL or organic solvents to maintain the 
monophasic system required for the spectroscopic methods applied. Similarly, when aqueous 
environments were used, concentrations of the active components were drastically decreased 
in order to observe a diffusion controlled voltammetric response. The question of whether the 
idealized conditions used in this study can be applied to the true ZBB environment must be 
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asked, and preliminary studies were performed as follows (in collaboration with the 
Department of Chemical Engineering at the University of Sydney). 
To scale up the study on alternative bromine sequestration agents, electrolyte mixtures 
matching those commonly used in operational ZBB cells were applied.
[185,206]
 The electrolyte 
mixture comprised: 2.5 M ZnBr2 (equivalent to 13.4 mAh/L), 1.0 M KCl, 0.5 M ZnCl2 and 
1.0 M bromine sequestration agent (BSA), which was either: [C2MPyrr]Br, [C2MPip]Br, 
[C2MIm]Br or [C2Py]Br. These BSAs represent a selection of those salts studied at a 
fundamental level in Chapter 2. The most highly sequestering salt from that study 
([N2,2,2,2]Br) was unable to be tested due to the precipitation of the dizinchexabromide 
crystals characterized in Chapter 4, while the most weakly sequestering salt ([C2OHPy]Br) 
formed a highly viscous solution on cycling that blocked the electrolyte flow. The reason for 
the latter observation is as yet unknown due to the complexities associated with gelation 
phenomena in dynamic systems. A brief summary of the preliminary full-cell tests are 
outlined below in order to demonstrate the influence of the fundamental studies presented in 
this thesis on performance outcomes in the ZBB. 
Full cell tests were conducted in a vertically-oriented cell comprising two half-cells (i.e., zinc 
and bromine) separated by a porous 0.6 mm thick membrane (high-density-polyethylene, 
HDPE, filled with silica). The electrodes were made from conductive carbon plastic (HDPE 
embedded with carbon nanotubes) with an embedded copper current collector. The zinc 
electrode was coated with graphite, while the bromine electrode was coated with activated 
carbon. The hydraulic circuit on both sides consisted of a tank with a thermocouple, gear 
pump, filter, flow meter and a thermostat.  
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Figure 6.1.1. Exploded view of the full-cell setup showing the cell bodies and the cell frame (grey 
components), electrodes with current collector stubs, flow frames (green components) and membrane 
separator (central brown sheet).  
 
The full-cell cycle consisted of a charging phase under constant current of 0.32 A (which 
corresponds to a current density of 20 mA cm
-2
) for 2 h, followed by a 5 minute rest phase. 
Subsequently, a constant-current discharge phase at 0.32 A (i.e., 20 mA cm
-2
) was carried-out 
and kept running until the cell voltage dropped below a pre-set limit of 0.1 V. After an 
additional 5 minute rest phase, a stripping phase was initiated in order to remove all 
remaining zinc electrodeposits from the zinc electrode. Four charge/discharge cycles were 
carried-out for each electrolyte. Cell current and voltage were monitored and recorded at 10 s 
intervals throughout the duration of each cycle. 
6.1.1 Preliminary Results for Flow Cell Testing 
Preliminary results from the full-cycle testing program are summarized in Table 6.1.1, where 
voltaic efficiency is defined as the percentage of the average discharge potential against the 
average charging potential, and Coloumbic efficiency is defined as the charge balance at the 
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end of discharge against the charge balance at end of charge. In galvanostatic operation at 20 
mA cm
-2
, a lower charging potential is desirable, reflecting a relative ease of electrochemical 
operation. Similarly, a higher discharge potential is favourable, reflecting a greater voltaic 
output for the constant potential drawn from the device. 
Under the conditions tested, the voltaic efficiency of electrolytes containing [C2MIm]Br (4) 
was seen to be 69.4%, consistent with the lowest charging potential of 2.04 V and highest 
discharging potential of 1.42 V. This represents the highest value of the four BSAs tested, 
with [C2Py]Br (3) exhibiting a voltaic efficiency of 61.1%, [C2MPyrr]Br (2) at 57.8%, and 
[C2MPip]Br (1) at 47.4%. Similar trends in relative performance are observed in the values of 
Coulombic efficiency, with electrolytes 4, 3 and 2 returning near to equal values of 91%. This 
is significantly higher than the value of 80.3% obtained when 1 was utilized as a BSA.  
Table 6.1.1. Summary of the full-cell charge/discharge cycling tests, with each parameter 
representing the averaged values of three consecutive cycles 
Parameter 
[C2MPip]Br 
(1) 
[C2MPyrr]Br 
(2) 
 [C2Py]Br 
(3) 
[C2MIm]Br 
(4) 
Voltaic Efficiency (%) 46.9 57.8 61.2 69.6 
Coulombic Efficiency (%) 80.3 91.1 91.1 91.2 
Ave. Charging Potential (V) 2.13 2.11 2.09 2.04 
Ave. Discharging Potential 
(V) 
1.00 1.22 1.28 1.42 
Conductivity (mS.cm
-1
) 84.1 92.3 98.8 97.4 
 
Due to the complexity of a full cell system, the performance parameters that these full-cell 
tests reflect cannot be directly correlated to any one chemical parameter of the selected BSA. 
However, it is of note that those electrolyte additives shown to more effectively sequester 
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bromine in Chapter 2 yield lower voltaic, Coulombic and energy efficiencies in a flowing 
ZBB test cell. In terms of bromine sequestration, it is possible that the [C2MPip]Br (1) 
electrolyte – as the ‘strongest’ sequestering agent from Chapter 2 – hinders the 
electrochemical reversibility of the sequestration reaction, lowering the efficiencies of all 
three operational parameters. Conversely, the weakly sequestering BSAs [C2Py]Br (3) and 
[C2MIm]Br (4) may promote the reversible sequestration of bromine, which is likely to be a 
favourable property for both charge and discharge cycles. Also noted in Table 1.2.1 is the 
correlation between electrolyte conductivity and electrochemical performance, the 
conductivity of which is likely influence by the strength of association between BSA cation 
and anion.  
While there appears to be a good correlation between weaker affinities toward bromine and 
good cell performance for the chosen BSA, there are numerous other aspects of the flow cell 
chemistry that will be influenced by BSA selection. As an example, the influence over the 
associated bromozincate species at the zinc half-cell has not been investigated in detail for 
these compounds. This is just one of many aspects of the flow cell that is to be a subject of 
future investigations.  
However, the results shown here represent a significant improvement over the best 
commercial electrolyte systems – Coloumbic efficiency of 91.2% (Table 6.1.1), greater than 
the 83.7% reported elsewhere
[30]
 – breaking through previously accepted performance 
barriers. 
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6.2 Future Investigations 
While this thesis contributed significantly to an improved understanding of many intricacies 
of the chemistry underlying the ZBB, there are a number of aspects that can be investigated 
to strengthen and extend these outcomes. 
In Chapter 2, design parameters were investigated for alternate bromine sequestering agents, 
with a demonstrable influence over the cation structure and the degree of interaction with 
polybromide anions. However, while the fundamental chemistry of the cation’s influence was 
investigated, the electrochemical consequence of such insights was not.  The 
bromide/bromine redox couple is well described in aqueous systems, conventional organic 
solvents and ionic liquids,
[168,170] 
and is analogous to the more mature investigation of the 
iodide/iodine couple.
[207,208]
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Figure 6.2.1. Cyclic voltammogram for [C2MIm]Br (50 mM) in acetonitrile with [N4,4,4,4]PF6 (0.2 M) 
supporting electrolyte. Voltammetry was performed on a Pt working electrode at a scan rate of 50 
mV/s.  
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A cyclic voltammogram for the oxidation of [C2MIm]Br is shown for illustration in Figure 
6.2.1, demonstrating four clear redox events (a – d in Figure 2). The first oxidation signal at 
0.82 V vs Ag/AgCl (a, Equation 6.2.1) corresponds to the oxidation of bromide ions to 
bromine. This precedes a chemical reaction step (Equation 6.2.2) to form a tribromide anion, 
which is then oxidized at a higher potential (1.1 V) to form additional bromine molecules (b, 
Equation 6.2.3). The corresponding reduction signals of c and d correspond to the reverse 
reactions of b and a, respectively.  
2Br
– ⇌ Br2 + 2e
–
 (6.2.1) 
Br2 + Br ⇌ Br3
–
 (6.2.2) 
Br3
–
 ⇌ 3/2Br2 + e
–
 (6.2.3) 
 
Considering Chapter 2 outlines observable differences in strength of interaction between the 
cation and anion, it is likely that this will influence the magnitude of current that is passed 
during oxidation of that bromide anion. Additionally, as the chemical reaction step (Equation 
2) results in the dynamic formation of a polybromide ion, the sequestration strength of the 
cation in question is likely to influence the kinetics of formation. Investigating such kinetics 
on the electrochemical time scale will be illuminating for the informed design of BSAs. 
As shown in Chapter 3, the potential for all-ionic liquid systems in the sequestration of large 
excesses of bromine is demonstrable, and may open up new avenues for energy dense 
bromine half-cells. At present, the polybromide complex that forms an insoluble oil during 
the charging phase has persistent issues with low-temperature operation,
[37,80]
 whereby this 
separate phase can solidify, inhibiting flow of the electroactive species. An all-IL electrolyte 
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may allow for a lower melting electrolyte phase compatible with low temperature operation 
(as many ILs possess melting points significantly lower than ambient temperature). Further, 
the solubility limits of certain IL bromide salts in water may be solved by an all-IL 
electrolyte, generating greater charging capacity due to the higher limits for bromine 
sequestration demonstrated in this thesis.  
On a fundamental chemical level, many concepts of halogen bonding were discussed 
critically in Chapter 4. It is typically accepted that a halogen bond consists of a bromide 
anion acting as a Lewis base to donate electrons to incoming bromine molecules.
[74]
 Many 
short dibromine-dibromine contacts within the accepted van der Waals bonding radii (3.7 Å) 
of bromine have been identified, yet have rarely been acknowledged as formal bonds in the 
literature. Thus, further information about the electronic bonding environment of 
polybromides is required. A computational study of the intricate Lewis interactions and 
bonding critical points present in existing polybromide networks could give further insight 
into the disputed bonding modes of the polybromide networks. Such work has been 
performed previously with all-DFT investigations into hydrogen-halide interactions to further 
understand charge-assisted hydrogen-bonding.
[209]
  
The work discussed in Chapter 5 regarding the unfavourable influence of anionic 
bromozincate complexes on zinc voltammetry points towards the possibility of controlling 
the rate of zinc deposition via complexation. Chlorozincate ionic liquids are a relatively well-
studied class of ILs,
[210]
 and the analogous bromozincates have potential to be prepared as an 
IL electrolyte that consists entirely of electroactive components. Through the tailoring of 
cation structure, interionic interactions can be controlled to produce desirable properties for 
both zinc and bromine electrochemistry. The potential for stable electrochemistry of 
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bromozincate ionic liquids may lead to substantially more energy-dense battery systems. 
Interestingly, the more mature realm of aluminochlorate ILs (known since the early 
1980s
[211]
) have very recently seen application in a remarkably efficient electrochemical cell 
based on aluminium deposition and chloride oxidation.
[23] 
 
Figure 6.2.2. A possible synthetic route to a polyether-linked dicationic BSA.
 
 
Recently, the full-cell performance of a ZBB test cell was improved by the addition of the 
commercially available surfactant polysorbate-20.
[185]
 The postulated mechanism for this 
improvement of cell performance involved control of the size of the colloidal particles of the 
polybromide species formed on the charging phase. The surfactant’s action as a surface-
active agent aiding electrodeposition was also proposed. ILs with head groups such as the 
imidazolium cation studied in this thesis have been shown to exhibit surfactant-like behavior 
when alkyl chains of sufficient length are used.
[54,212]
 It is possible then for an IL bromide salt 
to be prepared that can act as both a sequestration agent and surfactant capable of controlling 
the size of the particles of the colloidal polybromide oil phase. Thus, this would elicit further 
control over polybromide formation. However, Chapter 5 demonstrated the precipitation of 
cations with significant aliphatic character that would prevent the application of ILs 
possessing long aliphatic chains in BSA alternatives. Engineering of the alkyl-chain arm to 
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consist of polyether units, for example, may enhance aqueous compatibility while adding 
further coordination environments for dissolved zinc complexes. Such compounds have been 
prepared previously, and a possible synthetic route is shown in Figure 6.2.2.
[213,214]
 Polyether 
chains have recently been shown to favour zinc electrochemistry,
[190]
 and thus the route to IL 
surfactants that coordinate both bromine and zinc as favourable complexes is of great 
potential for increasing the control and capacity of the ZBB. 
6.3 Concluding Remarks 
The work contained within this thesis has contributed significantly to the field of polyhalide 
chemistry, added depth to the understanding of the influence of electrolyte additives to zinc 
electrodeposition, and suggested new routes to the tailored design of improved bromine 
sequestration agents. As a running theme, the work of the thesis has shown that pursuing 
further understanding of the fundamentals of a technology’s underlying chemistry leads to 
informed directions for its rational improvement. It is the hope of the author that by applying 
the insights gained in the development of this thesis, controllable electrolyte environments 
and creative solvent matrices will allow for efficient, energy-dense cells based on zinc and 
bromine chemistry to help meet the needs of future energy applications. 
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A1: Crystallographic Details for [P4,4,4,4]2[Br24] 
(From Chapter 3) 
 
The crystals rapidly melt at room temperature and were accordingly mounted in the presence 
of dry ice. An orange prismatic crystal was attached with Exxon Paratone N, to a short length 
of fibre supported on a thin piece of copper wire inserted in a copper mounting pin.  The 
crystal was quenched in a cold nitrogen gas stream from an Oxford Cryosystems Cryostream. 
An APEXII-FR591 diffractometer employing mirror monochromated MoKα radiation 
generated from a rotating anode was used for the data collection.  Cell constants were 
obtained from a least squares refinement against 7948 reflections located between 5.9 and 
50.8º 2.  Data were collected at 150(2) Kelvin with + scans to 56.7º 2.  The data 
processing was undertaken with APEX, SAINT and XPREP
[1]
 and subsequent computations 
were carried out with WinGX
[2]
 and ShelXle.
[3] 
An empirical multi-scan absorption correction 
determined with SADABS
[4]
 was applied to the data. The data quality is mediocre and this is 
likely to reflect partial decomposition of the crystal. 
The structure was solved in the space group P21/c(#14) by direct methods with SIR97
[5 ]
and 
extended and refined with SHELXL-13.
[6]
 The asymmetric unit contains a 
tetrabutylphosphonium cation, four bromine molecules, half a bromine molecule centred on 
an inversion centre and a tribromide anion. One of the butyl residues of the cation is 
disordered and was modelled with two orientations. In general the non-hydrogen atoms were 
modelled with anisotropic displacement parameters, while the disordered atoms were 
modelled with isotropic displacement parameters.  A riding atom model with group 
displacement parameters was used for the hydrogen atoms. An ORTEP
[7]
 depiction of the 
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molecule with 50% displacement ellipsoids is provided in Figure A1 (the asterix denotes a 
site related by inversion with -x, 1-y, 1-z).  
Table A1. Crystallographic results for the [P4,4,4,4]2[Br24] salt 
Formula of the Refinement Model C16H36Br12P 
Model Molecular Weight  1218.34 
Crystal System  monoclinic 
Space Group  P21/c(#14) 
a  12.1312(8) Å 
b  16.6953(12) Å 
c  17.6055(13) Å 
 98.075(4)º 
V  3530.4(4) Å3 
Dc 2.292 g cm-3 
Z  4 
Crystal Size   0.166x0.145x0.066 mm 
Crystal Colour  orange 
Crystal Habit  prismatic 
Temperature 150(2) Kelvin 
(MoK)  0.71073 Å 
(MoK)  13.666 mm-1 
T(SADABS)min,max  0.520, 0.862 
2max  56.71º 
hkl range  -16 16, -22 22, -23 23 
N  128037 
Nind 8755(Rmerge 0.1407) 
Nobs 5834(I > 2(I)) 
Nvar 263 
Residuals* R1(F), wR2(F2)  0.0648, 0.2176 
GoF(all)   1.298 
Residual Extrema -2.215, 3.197 e- Å-3 
*R1 = ||Fo| - |Fc||/|Fo| for Fo > 2(Fo); wR2 = (w(Fo
2 - Fc
2)2/(wFc
2)2)1/2 all 
reflections w=1/[2(Fo
2)+(0.1000P)2+2.5000P] where P=(Fo
2+2Fc
2)/3 
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Figure A1. ORTEP representation of the [P4,4,4,4]2[Br24] crystal (hydrogen atoms omitted 
for clarity) 
Table A2. Non-Hydrogen atom coordinates, isotopic thermal parameters and occupancies 
atom  x  y   z  Ueq( Å2) Occ 
Br(1)  0.17369(8)  0.41075(6)  0.31960(6)  0.0416(3)  1 
Br(2)  0.28365(8)  0.30458(5)  0.42551(6)  0.0359(2)  1 
Br(3)  0.37703(10)  0.21297(6)  0.51831(7)  0.0471(3)  1 
Br(4)  0.36392(8)  0.41404(6)  0.22097(6)  0.0394(3)  1 
Br(5)  0.51954(9)  0.40837(6)  0.15782(7)  0.0452(3)  1 
Br(6)  0.30673(10)  0.56407(7)  0.36902(7)  0.0533(3)  1 
Br(7)  0.42004(10)  0.67199(8)  0.41003(8)  0.0589(3)  1 
Br(8)  -0.04905(9)  0.33766(6)  0.27299(6)  0.0440(3)  1 
Br(9)  -0.21290(10)  0.27331(8)  0.22176(9)  0.0660(4)  1 
Br(10)  0.04727(8)  0.47792(6)  0.45039(6)  0.0364(2)  1 
Br(11)  -0.24471(11)  0.41592(8)  0.08213(8)  0.0617(4)  1 
Br(12)  -0.29702(10)  0.53704(8)  0.02545(7)  0.0539(3)  1 
P(1)  0.2194(2)  0.12853(14)  0.20260(14)  0.0315(5)  1 
C(1)  0.1438(8)  0.1715(6)  0.1160(6)  0.037(2)  1 
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C(2)  0.1098(10)  0.2562(7)  0.1224(7)  0.056(3)  1 
C(3)  0.0468(9)  0.2904(6)  0.0469(7)  0.051(3)  1 
C(4)  -0.0627(10)  0.2480(8)  0.0154(8)  0.065(3)  1 
C(5)  0.3476(8)  0.1851(6)  0.2311(6)  0.040(2)  1 
C(6)  0.4276(8)  0.1454(6)  0.2930(6)  0.042(2)  1 
C(7)  0.5340(9)  0.1971(7)  0.3198(7)  0.051(3)  1 
C(8)  0.6156(11)  0.1515(9)  0.3787(8)  0.071(4)  1 
C(9)  0.2523(8)  0.0264(6)  0.1830(6)  0.039(2)  1 
C(10)  0.3299(9)  0.0152(7)  0.1232(8)  0.051(3)  1 
C(11)  0.3658(10)  -0.0710(7)  0.1103(7)  0.055(3)  1 
C(12)  0.2721(12)  -0.1263(8)  0.0783(8)  0.067(4)  1 
C(13)  0.1358(8)  0.1327(6)  0.2806(6)  0.040(2)  1 
C(14)  0.0267(13)  0.0924(8)  0.2678(10)  0.084(5)  1 
C(15A)  -0.0126(17)  0.0973(11)  0.3542(12)  0.035(4)  0.5 
C(16A)  -0.028(3)  0.043(2)  0.388(2)  0.084(9)  0.5 
C(15B)  -0.0654(18)  0.0986(12)  0.3175(14)  0.043(5)  0.5 
C(16B)  -0.107(3)  0.0463(18)  0.3592(19)  0.076(8)  0.5 
 
Table A3. Hydrogen Atom Coordinates,Isotropic Thermal Parameters and Occupancies 
atom   x   y   z   Ueq( Å2)   Occ 
H(1A)  0.1909 0.1674 0.0746 0.044 1 
H(1B)  0.0762 0.1389 0.1005 0.044 1 
H(2A)  0.177 0.2891 0.1382 0.067 1 
H(2B)  0.0615 0.2605 0.1631 0.067 1 
H(3A)  0.0303 0.3475 0.0552 0.061 1 
H(3B)  0.097 0.2881 0.0072 0.061 1 
H(4A)  -0.0464 0.2004 -0.0136 0.097 1 
H(4B)  -0.1099 0.2846 -0.0184 0.097 1 
H(4C)  -0.1015 0.232 0.0582 0.097 1 
H(5A)  0.3855 0.1932 0.1854 0.048 1 
H(5B)  0.328 0.2386 0.2494 0.048 1 
H(6A)  0.451 0.0933 0.2737 0.05 1 
H(6B)  0.3887 0.1347 0.3377 0.05 1 
H(7A)  0.5711 0.2109 0.2749 0.061 1 
H(7B)  0.5119 0.2477 0.3429 0.061 1 
H(8A)  0.5775 0.1346 0.4215 0.107 1 
H(8B)  0.6782 0.1865 0.3979 0.107 1 
H(8C)  0.6434 0.1043 0.3543 0.107 1 
H(9A)  0.2868 0.0011 0.2315 0.047 1 
H(9B)  0.182 -0.0025 0.1656 0.047 1 
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H(10A)  0.3976 0.0477 0.1386 0.061 1 
H(10B)  0.2927 0.0367 0.0738 0.061 1 
H(11A)  0.422 -0.0703 0.0746 0.066 1 
H(11B)  0.4021 -0.0931 0.1597 0.066 1 
H(12A)  0.2204 -0.1327 0.1159 0.1 1 
H(12B)  0.3027 -0.1787 0.0672 0.1 1 
H(12C)  0.2324 -0.1034 0.0309 0.1 1 
H(13A)  0.1798 0.1089 0.3267 0.048 1 
H(13B)  0.1233 0.1897 0.2922 0.048 1 
H(14A)  0.0338 0.0362 0.2512 0.1 1 
H(14B)  -0.0261 0.1211 0.2291 0.1 1 
H(15A)  0.0447 0.1292 0.3866 0.042 0.5 
H(15B)  -0.082 0.1293 0.3487 0.042 0.5 
H(16A)  -0.0477 0.0595 0.4379 0.127 0.5 
H(16B)  0.0395 0.0102 0.396 0.127 0.5 
H(16C)  -0.0892 0.0121 0.3601 0.127 0.5 
H(15C)  -0.042 0.1432 0.3532 0.052 0.5 
H(15D)  -0.1303 0.1189 0.2825 0.052 0.5 
H(16D)  -0.164 0.0717 0.3853 0.113 0.5 
H(16E)  -0.0478 0.0248 0.3975 0.113 0.5 
H(16F)  -0.1404 0.0027 0.3267 0.113 0.5 
 
Table A4. Anisotropic thermal paramaters (Å
2
) 
atom   U(1,1)   U(2,2)   U(3,3)   U(1,2)   U(1,3)   U(2,3) 
Br(1)  0.0378(5)  0.0488(6)  0.0391(6)  -0.0009(4)  0.0086(4)  0.0056(4) 
Br(2)  0.0410(5)  0.0349(5)  0.0330(5)  -0.0028(4)  0.0095(4)  -0.0030(4) 
Br(3)  0.0565(6)  0.0403(5)  0.0433(6)  0.0001(5)  0.0026(5)  0.0034(4) 
Br(4)  0.0390(5)  0.0330(5)  0.0452(6)  0.0005(4)  0.0021(4)  -0.0039(4) 
Br(5)  0.0417(6)  0.0461(6)  0.0478(6)  -0.0023(4)  0.0062(5)  -0.0135(5) 
Br(6)  0.0541(7)  0.0583(7)  0.0498(7)  -0.0117(5)  0.0149(5)  -0.0080(5) 
Br(7)  0.0564(7)  0.0573(7)  0.0679(8)  -0.0137(5)  0.0261(6)  -0.0122(6) 
Br(8)  0.0461(6)  0.0410(5)  0.0469(6)  0.0079(4)  0.0141(5)  -0.0014(4) 
Br(9)  0.0482(7)  0.0631(8)  0.0872(10)  -0.0079(6)  0.0112(7)  -0.0006(7) 
Br(10)  0.0349(5)  0.0411(5)  0.0335(5)  0.0023(4)  0.0061(4)  0.0064(4) 
Br(11)  0.0544(7)  0.0610(7)  0.0683(9)  0.0152(6)  0.0040(6)  0.0015(6) 
Br(12)  0.0525(7)  0.0653(7)  0.0424(6)  0.0067(5)  0.0013(5)  0.0013(5) 
P(1)  0.0332(12)  0.0322(12)  0.0290(12)  -0.0008(9)  0.0038(10)  0.0017(10) 
C(1)  0.037(5)  0.042(5)  0.032(5)  -0.001(4)  0.004(4)  0.005(4) 
C(2)  0.064(8)  0.053(7)  0.051(7)  0.004(6)  0.009(6)  -0.011(5) 
C(3)  0.059(7)  0.041(6)  0.052(7)  0.024(5)  0.005(6)  0.009(5) 
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C(4)  0.063(8)  0.058(8)  0.072(9)  0.016(6)  0.010(7)  -0.001(7) 
C(5)  0.044(6)  0.036(5)  0.040(6)  -0.007(4)  0.006(5)  -0.005(4) 
C(6)  0.045(6)  0.035(5)  0.041(6)  -0.002(4)  -0.008(5)  -0.002(4) 
C(7)  0.046(6)  0.053(7)  0.052(7)  -0.006(5)  0.001(5)  -0.007(5) 
C(8)  0.054(8)  0.075(9)  0.075(10)  0.003(6)  -0.024(7)  -0.010(7) 
C(9)  0.032(5)  0.044(5)  0.041(6)  -0.006(4)  0.003(4)  -0.002(4) 
C(10)  0.034(5)  0.050(6)  0.070(8)  -0.007(5)  0.008(5)  -0.015(6) 
C(11)  0.054(7)  0.064(7)  0.044(7)  0.016(6)  -0.002(5)  -0.015(6) 
C(12)  0.088(10)  0.060(8)  0.057(8)  0.015(7)  0.027(7)  0.002(6) 
C(13)  0.048(6)  0.039(5)  0.035(6)  0.009(4)  0.012(5)  0.002(4) 
C(14)  0.095(11)  0.049(7)  0.127(14)  -0.023(7)  0.083(11)  -0.021(8) 
 
Table A5. Non-hydrogen bond lengths (Å) 
atom   atom   Distance atom atom distance 
Br(1)  Br(2)  2.7747(14)  Br(2)  Br(3)  2.4024(14) 
Br(4)  Br(5)  2.3235(15)  Br(6)  Br(7)  2.3190(17) 
Br(8)  Br(9)  2.3270(17)  Br(10)  Br(10)  2.3394(19) 
Br(11)  Br(12)  2.3042(17)  P(1)  C(9)  1.796(10) 
P(1)  C(1)  1.813(10)  P(1)  C(13)  1.819(10) 
P(1)  C(5)  1.829(10)  C(1)  C(2)  1.482(15) 
C(2)  C(3)  1.547(15)  C(3)  C(4)  1.538(17) 
C(5)  C(6)  1.507(14)  C(6)  C(7)  1.569(14) 
C(7)  C(8)  1.531(17)  C(9)  C(10)  1.519(16) 
C(10)  C(11)  1.530(16)  C(11)  C(12)  1.510(18) 
C(13)  C(14)  1.473(16)  C(14)  C(15B)  1.52(2) 
C(14)  C(15A)  1.66(2)  C(15A)  C(16A)  1.11(4) 
C(15B)  C(16B)  1.29(3) 
    
Table A6. Non-hydrogen bond angles (°) 
atom atom atom angle 
Br(3)  Br(2)  Br(1)  179.24(5) 
C(9)  P(1)  C(1)  108.3(5) 
C(9)  P(1)  C(13)  110.1(5) 
C(1)  P(1)  C(13)  110.5(5) 
C(9)  P(1)  C(5)  109.9(5) 
C(1)  P(1)  C(5)  109.7(5) 
C(13)  P(1)  C(5)  108.4(5) 
C(2)  C(1)  P(1)  115.2(8) 
C(1)  C(2)  C(3)  113.3(9) 
C(4)  C(3)  C(2)  115.9(10) 
C(6)  C(5)  P(1)  114.1(7) 
C(5)  C(6)  C(7)  113.3(9) 
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C(8)  C(7)  C(6)  110.9(10) 
C(10)  C(9)  P(1)  115.2(7) 
C(9)  C(10)  C(11)  115.8(10) 
C(12)  C(11)  C(10)  114.5(10) 
C(14)  C(13)  P(1)  116.8(9) 
C(13)  C(14)  C(15B)  126.8(14) 
C(13)  C(14)  C(15A)  101.8(13) 
C(16A)  C(15A)  C(14)  123(2) 
C(16B)  C(15B)  C(14)  131(2) 
 
Table A7. Hydrogen bond lengths (Å) 
atom atom distance atom atom distance 
C(1)  H(1A)  0.99 C(1)  H(1B)  0.99 
C(2)  H(2A)  0.99 C(2)  H(2B)  0.99 
C(3)  H(3A)  0.99 C(3)  H(3B)  0.99 
C(4)  H(4A)  0.98 C(4)  H(4B)  0.98 
C(4)  H(4C)  0.98 C(5)  H(5A)  0.99 
C(5)  H(5B)  0.99 C(6)  H(6A)  0.99 
C(6)  H(6B)  0.99 C(7)  H(7A)  0.99 
C(7)  H(7B)  0.99 C(8)  H(8A)  0.98 
C(8)  H(8B)  0.98 C(8)  H(8C)  0.98 
C(9)  H(9A)  0.99 C(9)  H(9B)  0.99 
C(10)  H(10A)  0.99 C(10)  H(10B)  0.99 
C(11)  H(11A)  0.99 C(11)  H(11B)  0.99 
C(12)  H(12A)  0.98 C(12)  H(12B)  0.98 
C(12)  H(12C)  0.98 C(13)  H(13A)  0.99 
C(13)  H(13B)  0.99 C(14)  H(14A)  0.99 
C(14)  H(14B)  0.99 C(15A)  H(15A)  0.99 
C(15A)  H(15B)  0.99 C(16A)  H(16A)  0.98 
C(16A)  H(16B)  0.98 C(16A)  H(16C)  0.98 
C(15B)  H(15C)  0.99 C(15B)  H(15D)  0.99 
C(16B)  H(16D)  0.98 C(16B)  H(16E)  0.98 
C(16B)  H(16F)  0.98 
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Table A8. Hydrogen bond angles (°) 
atom  atom atom angle 
C(2)  C(1)  H(1A)  108.5 
P(1)  C(1)  H(1A)  108.5 
C(2)  C(1)  H(1B)  108.5 
P(1)  C(1)  H(1B)  108.5 
H(1A)  C(1)  H(1B)  107.5 
C(1)  C(2)  H(2A)  108.9 
C(3)  C(2)  H(2A)  108.9 
C(1)  C(2)  H(2B)  108.9 
C(3)  C(2)  H(2B)  108.9 
H(2A)  C(2)  H(2B)  107.7 
C(4)  C(3)  H(3A)  108.3 
C(2)  C(3)  H(3A)  108.3 
C(4)  C(3)  H(3B)  108.3 
C(2)  C(3)  H(3B)  108.3 
H(3A)  C(3)  H(3B)  107.4 
C(3)  C(4)  H(4A)  109.5 
C(3)  C(4)  H(4B)  109.5 
H(4A)  C(4)  H(4B)  109.5 
C(3)  C(4)  H(4C)  109.5 
H(4A)  C(4)  H(4C)  109.5 
H(4B)  C(4)  H(4C)  109.5 
C(6)  C(5)  H(5A)  108.7 
P(1)  C(5)  H(5A)  108.7 
C(6)  C(5)  H(5B)  108.7 
P(1)  C(5)  H(5B)  108.7 
H(5A)  C(5)  H(5B)  107.6 
C(5)  C(6)  H(6A)  108.9 
C(7)  C(6)  H(6A)  108.9 
C(5)  C(6)  H(6B)  108.9 
C(7)  C(6)  H(6B)  108.9 
H(6A)  C(6)  H(6B)  107.7 
C(8)  C(7)  H(7A)  109.5 
C(6)  C(7)  H(7A)  109.5 
C(8)  C(7)  H(7B)  109.5 
C(6)  C(7)  H(7B)  109.5 
H(7A)  C(7)  H(7B)  108.1 
C(7)  C(8)  H(8A)  109.5 
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C(7)  C(8)  H(8B)  109.5 
H(8A)  C(8)  H(8B)  109.5 
C(7)  C(8)  H(8C)  109.5 
H(8A)  C(8)  H(8C)  109.5 
H(8B)  C(8)  H(8C)  109.5 
C(10)  C(9)  H(9A)  108.5 
P(1)  C(9)  H(9A)  108.5 
C(10)  C(9)  H(9B)  108.5 
P(1)  C(9)  H(9B)  108.5 
H(9A)  C(9)  H(9B)  107.5 
C(9)  C(10)  H(10A)  108.3 
C(11)  C(10)  H(10A)  108.3 
C(9)  C(10)  H(10B)  108.3 
C(11)  C(10)  H(10B)  108.3 
H(10A)  C(10)  H(10B)  107.4 
C(12)  C(11)  H(11A)  108.6 
C(10)  C(11)  H(11A)  108.6 
C(12)  C(11)  H(11B)  108.6 
C(10)  C(11)  H(11B)  108.6 
H(11A)  C(11)  H(11B)  107.6 
C(11)  C(12)  H(12A)  109.5 
C(11)  C(12)  H(12B)  109.5 
H(12A)  C(12)  H(12B)  109.5 
C(11)  C(12)  H(12C)  109.5 
H(12A)  C(12)  H(12C)  109.5 
H(12B)  C(12)  H(12C)  109.5 
C(14)  C(13)  H(13A)  108.1 
P(1)  C(13)  H(13A)  108.1 
C(14)  C(13)  H(13B)  108.1 
P(1)  C(13)  H(13B)  108.1 
H(13A)  C(13)  H(13B)  107.3 
C(13)  C(14)  H(14A)  111.4 
C(15A)  C(14)  H(14A)  111.4 
C(13)  C(14)  H(14B)  111.4 
C(15A)  C(14)  H(14B)  111.4 
H(14A)  C(14)  H(14B)  109.3 
C(16A)  C(15A)  H(15A)  106.6 
C(14)  C(15A)  H(15A)  106.6 
C(16A)  C(15A)  H(15B)  106.6 
C(14)  C(15A)  H(15B)  106.6 
H(15A)  C(15A)  H(15B)  106.6 
C(15A)  C(16A)  H(16A)  109.5 
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C(15A)  C(16A)  H(16B)  109.5 
H(16A)  C(16A)  H(16B)  109.5 
C(15A)  C(16A)  H(16C)  109.5 
H(16A)  C(16A)  H(16C)  109.5 
H(16B)  C(16A)  H(16C)  109.5 
C(16B)  C(15B)  H(15C)  104.4 
C(14)  C(15B)  H(15C)  104.4 
C(16B)  C(15B)  H(15D)  104.4 
C(14)  C(15B)  H(15D)  104.4 
H(15C)  C(15B)  H(15D)  105.6 
C(15B)  C(16B)  H(16D)  109.5 
C(15B)  C(16B)  H(16E)  109.5 
H(16D)  C(16B)  H(16E)  109.5 
C(15B)  C(16B)  H(16F)  109.5 
H(16D)  C(16B)  H(16F)  109.5 
H(16E)  C(16B)  H(16F)  109.5 
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A2: Crystallographic Details for 
[N2,2,2,2]2[Br2Zn6] (From Chapter 5) 
 
A colourless prismatic crystal was attached with Exxon Paratone N to a Hampton Research 
nylon loop.  The crystal was quenched in a cold nitrogen gas stream from an Oxford 
Cryosystems Cryostream. An APEXII-FR591 diffractometer employing mirror 
monochromated MoKα radiation generated from a rotating anode was used for the data 
collection. Cell constants were obtained from a least squares refinement against 8162 
reflections located between 6 and 56° 2θ.  Data were collected at 150(2) Kelvin with ω+ϕ 
scans to 57° 2θ.  Data were collected at 150(2) Kelvin with ω+ϕ scans to 62° 2θ. The data 
processing was undertaken with APEX, SAINT and XPREP
[1]
 and subsequent computations 
were carried out with WinGX
[2]
 and ShelXle.
[3]
 An empirical absorption correction 
determined with SADABS
[4]
 was applied to the data. 
 
The structure was solved in the space group P21/n (#14) by direct methods with SIR97
[5]
, and 
extended and refined with SHELXL-14.
[6]
 The asymmetric unit contains half a 
dizinchexabromide anion centred about an inversion site and a tertraethylammonium cation. 
The non-hydrogen atoms in the asymmetric unit were modelled with anisotropic 
displacement parameters and a riding atom model with group displacement parameters was 
used for the hydrogen atoms. An ORTEP
[7]
 depiction of the molecule with 50% displacement 
ellipsoids is provided in Figure A2 (the asterix denotes inversion related sites with 1-x, -y, -
z).  
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Table A9. Crystallographic details for the [N2,2,2,2]2[Zn2Br6] crystal 
Formula of the Refinement Model C16H40Br6N2Zn2 
Model Molecular Weight  870.7 
Crystal System  monoclinic 
Space Group  P21/n (#14) 
a  8.9131(10) Å 
b  10.4346(12) Å 
c  15.6895(19) Å 
 104.580(7)º 
V  1412.2(3) Å3 
Dc 2.048 g cm-3 
Z  2 
Crystal Size   0.089x0.070x0.053 mm 
Crystal Colour  colourless 
Crystal Habit  prismatic 
Temperature 150(2) Kelvin 
(MoK)  0.71073 Å 
(MoK)  10.192 mm-1 
T(SADABS)min,max  0.846, 1.00 
2max  56.85º 
hkl range  -11 11, -13 13, -20 20 
N  61940 
Nind 3528(Rmerge 0.0911) 
Nobs 2915(I > 2(I)) 
Nvar 122 
Residuals* R1(F), wR2(F2)  0.0412, 0.1637 
GoF(all)   1.143 
Residual Extrema -2.962, 1.579 e- Å-3 
*R1 = ||Fo| - |Fc||/|Fo| for Fo > 2(Fo); wR2 = (w(Fo
2 - Fc
2)2/(wFc
2)2)1/2 all 
reflections w=1/[2(Fo
2)+(0.1P)2+5.0P] where P=(Fo
2+2Fc
2)/3 
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Figure A2. ORTEP representation of the [N2,2,2,2]2[Zn2Br6] crystal. 
 
Table A10. Non-Hydrogen Atom Coordinates,Isotropic Thermal Parameters and 
Occupancies 
atom  x   y   z   Ueq( Å2)   Occ 
Br(1)  0.64944(8)  0.11278(6)  -0.00972(4)  0.02948(19)  1 
Br(2)  0.23381(7)  0.25563(6)  -0.00887(4)  0.02775(19)  1 
Br(3)  0.51645(7)  0.12403(6)  0.21185(4)  0.02517(18)  1 
Zn(1)  0.42744(7)  0.10915(6)  0.05746(4)  0.01782(18)  1 
N(1)  0.0555(5)  0.0781(4)  0.2778(3)  0.0148(8)  1 
C(1)  0.2050(6)  0.0142(5)  0.3261(4)  0.0196(11)  1 
C(2)  0.2970(7)  0.0836(7)  0.4072(4)  0.0282(13)  1 
C(3)  0.0919(6)  0.2097(5)  0.2471(4)  0.0225(11)  1 
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C(4)  -0.0445(8)  0.2781(6)  0.1863(5)  0.0359(16)  1 
C(5)  -0.0231(6)  -0.0059(5)  0.1997(3)  0.0179(10)  1 
C(6)  0.0662(7)  -0.0161(6)  0.1284(4)  0.0278(13)  1 
C(7)  -0.0547(6)  0.0939(6)  0.3368(4)  0.0219(11)  1 
C(8)  -0.0926(7)  -0.0280(6)  0.3786(4)  0.0284(13)  1 
 
Table A11. Hydrogen Atom Coordinates,Isotropic Thermal Parameters and Occupancies 
atom   x   y   z   Ueq( Å2)   Occ 
H(1A)  0.2715 0.0043 0.2846 0.024 1 
H(1B)  0.1803 -0.0728 0.3437 0.024 1 
H(2A)  0.2323 0.0954 0.4487 0.042 1 
H(2B)  0.3298 0.1674 0.3902 0.042 1 
H(2C)  0.3886 0.0328 0.4353 0.042 1 
H(3A)  0.1754 0.2008 0.2162 0.027 1 
H(3B)  0.1322 0.2642 0.2996 0.027 1 
H(4A)  -0.1289 0.2865 0.2157 0.054 1 
H(4B)  -0.0807 0.2284 0.132 0.054 1 
H(4C)  -0.012 0.3635 0.172 0.054 1 
H(5A)  -0.1276 0.0292 0.1729 0.021 1 
H(5B)  -0.0368 -0.0931 0.2216 0.021 1 
H(6A)  0.1679 -0.0548 0.1535 0.042 1 
H(6B)  0.08 0.0697 0.1061 0.042 1 
H(6C)  0.0078 -0.0696 0.08 0.042 1 
H(7A)  -0.0085 0.1555 0.3841 0.026 1 
H(7B)  -0.1526 0.1318 0.3016 0.026 1 
H(8A)  0.0009 -0.06 0.4204 0.043 1 
H(8B)  -0.1304 -0.0924 0.3329 0.043 1 
H(8C)  -0.1728 -0.0106 0.4099 0.043 1 
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Table A12. Anisotropic Thermal Parameters ( Å2) 
atom   U(1,1)   U(2,2)   U(3,3)   U(1,2)   U(1,3)   U(2,3) 
Br(1)  0.0316(4)  0.0251(3)  0.0346(4)  -0.0028(2)  0.0134(3)  0.0000(2) 
Br(2)  0.0234(3)  0.0203(3)  0.0373(4)  0.0006(2)  0.0035(2)  0.0030(2) 
Br(3)  0.0234(3)  0.0321(3)  0.0201(3)  -0.0032(2)  0.0057(2)  0.0003(2) 
Zn(1)  0.0186(3)  0.0160(3)  0.0197(3)  -0.0007(2)  0.0064(2)  -0.0001(2) 
N(1)  0.0130(19)  0.0126(19)  0.019(2)  0.0007(16)  0.0041(16)  -0.0038(16) 
C(1)  0.014(2)  0.023(3)  0.020(3)  0.003(2)  0.0011(19)  0.002(2) 
C(2)  0.024(3)  0.035(3)  0.022(3)  -0.003(2)  -0.002(2)  -0.002(2) 
C(3)  0.019(3)  0.014(2)  0.032(3)  -0.004(2)  0.002(2)  0.000(2) 
C(4)  0.028(3)  0.020(3)  0.052(4)  0.002(2)  -0.004(3)  0.010(3) 
C(5)  0.020(2)  0.015(2)  0.016(2)  -0.0035(19)  0.0003(19)  -0.0038(19) 
C(6)  0.034(3)  0.029(3)  0.022(3)  -0.009(3)  0.009(2)  -0.007(2) 
C(7)  0.018(3)  0.026(3)  0.024(3)  0.000(2)  0.010(2)  -0.005(2) 
C(8)  0.030(3)  0.029(3)  0.032(3)  -0.004(2)  0.018(3)  -0.005(3) 
 
Table A13.  Non-hydrogen bond lengths (Å) 
atom atom distance atom atom distance 
Br(1)  Zn(1)  2.4653(9)  Br(1)  Zn(1)  2.4768(9) 
Br(2)  Zn(1)  2.3439(9)  Br(3)  Zn(1)  2.3566(9) 
Zn(1)  Br(1)  2.4769(9)  N(1)  C(1)  1.512(6) 
N(1)  C(3)  1.518(7)  N(1)  C(7)  1.518(7) 
N(1)  C(5)  1.525(6)  C(1)  C(2)  1.514(8) 
C(3)  C(4)  1.521(8)  C(5)  C(6)  1.531(8) 
C(7)  C(8)  1.508(9) 
    
 
Table A14. Non-hydrogen bond angles (°) 
atom atom   atom   angle 
Zn(1)  Br(1)  Zn(1)  85.66(3) 
Br(2)  Zn(1)  Br(3)  115.67(3) 
Br(2)  Zn(1)  Br(1)  112.37(3) 
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Br(3)  Zn(1)  Br(1)  109.86(3) 
Br(2)  Zn(1)  Br(1)  111.02(3) 
Br(3)  Zn(1)  Br(1)  111.62(3) 
Br(1)  Zn(1)  Br(1)  94.35(3) 
C(1)  N(1)  C(3)  109.0(4) 
C(1)  N(1)  C(7)  111.5(4) 
C(3)  N(1)  C(7)  108.5(4) 
C(1)  N(1)  C(5)  108.5(4) 
C(3)  N(1)  C(5)  110.9(4) 
C(7)  N(1)  C(5)  108.4(4) 
N(1)  C(1)  C(2)  115.7(5) 
N(1)  C(3)  C(4)  115.0(5) 
N(1)  C(5)  C(6)  114.1(4) 
C(8)  C(7)  N(1)  115.1(5) 
 
Table A15. Hydrogen bond lengths (Å) 
atom   atom   Distance  atom   atom  Distance 
C(1)  H(1A)  0.99 C(1)  H(1B)  0.99 
C(2)  H(2A)  0.98 C(2)  H(2B)  0.98 
C(2)  H(2C)  0.98 C(3)  H(3A)  0.99 
C(3)  H(3B)  0.99 C(4)  H(4A)  0.98 
C(4)  H(4B)  0.98 C(4)  H(4C)  0.98 
C(5)  H(5A)  0.99 C(5)  H(5B)  0.99 
C(6)  H(6A)  0.98 C(6)  H(6B)  0.98 
C(6)  H(6C)  0.98 C(7)  H(7A)  0.99 
C(7)  H(7B)  0.99 C(8)  H(8A)  0.98 
C(8)  H(8B)  0.98 C(8)  H(8C)  0.98 
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Table A16. Hydrogen bond angles (°) 
atom  atom atom angle 
N(1)  C(1)  H(1A)  108.4 
C(2)  C(1)  H(1A)  108.4 
N(1)  C(1)  H(1B)  108.4 
C(2)  C(1)  H(1B)  108.4 
H(1A)  C(1)  H(1B)  107.4 
C(1)  C(2)  H(2A)  109.5 
C(1)  C(2)  H(2B)  109.5 
H(2A)  C(2)  H(2B)  109.5 
C(1)  C(2)  H(2C)  109.5 
H(2A)  C(2)  H(2C)  109.5 
H(2B)  C(2)  H(2C)  109.5 
N(1)  C(3)  H(3A)  108.5 
C(4)  C(3)  H(3A)  108.5 
N(1)  C(3)  H(3B)  108.5 
C(4)  C(3)  H(3B)  108.5 
H(3A)  C(3)  H(3B)  107.5 
C(3)  C(4)  H(4A)  109.5 
C(3)  C(4)  H(4B)  109.5 
H(4A)  C(4)  H(4B)  109.5 
C(3)  C(4)  H(4C)  109.5 
H(4A)  C(4)  H(4C)  109.5 
H(4B)  C(4)  H(4C)  109.5 
N(1)  C(5)  H(5A)  108.7 
C(6)  C(5)  H(5A)  108.7 
N(1)  C(5)  H(5B)  108.7 
C(6)  C(5)  H(5B)  108.7 
H(5A)  C(5)  H(5B)  107.6 
C(5)  C(6)  H(6A)  109.5 
C(5)  C(6)  H(6B)  109.5 
H(6A)  C(6)  H(6B)  109.5 
C(5)  C(6)  H(6C)  109.5 
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H(6A)  C(6)  H(6C)  109.5 
H(6B)  C(6)  H(6C)  109.5 
C(8)  C(7)  H(7A)  108.5 
N(1)  C(7)  H(7A)  108.5 
C(8)  C(7)  H(7B)  108.5 
N(1)  C(7)  H(7B)  108.5 
H(7A)  C(7)  H(7B)  107.5 
C(7)  C(8)  H(8A)  109.5 
C(7)  C(8)  H(8B)  109.5 
H(8A)  C(8)  H(8B)  109.5 
C(7)  C(8)  H(8C)  109.5 
H(8A)  C(8)  H(8C)  109.5 
H(8B)  C(8)  H(8C)  109.5 
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A3: Crystallographic Details for 
[C6MPyrr]3[Zn2Br7] (Chapter 5) 
 
A colourless tablet was attached with Exxon Paratone N to a nylon loop and quenched in a 
cold nitrogen gas stream from an Oxford Cryosystems Cryostream. A SuperNova Dual 
equipped with an Atlas detector and employing mirror monochromated Cu (Kα) radiation 
from a micro-source was used for the data collection. Cell constants were obtained from a 
least squares refinement against 15448 reflections located between 10 and 147° 2θ.  Data 
were collected at 150(1) Kelvin with ω scans to 154° 2θ. The data processing was undertaken 
with CrysAlis Pro
[8]
 and subsequent computations were carried out with WinGX
[2]
 and 
ShelXle.
[3]
 A multi-scan absorption correction was applied
[8]
 to the data. 
 
The structure was solved in the space group P31c(#159) by direct methods with SHELXT
[9]
 
and extended and refined with SHELXL-2014/7.
[6]
 The data were treated as being twinned 
about a two-fold axis parallel to the c-axis and additionally twinned by inversion, with the 
minor rotation twin fraction refining to 0.18, with the inversion twin fractions refining to 0.19 
and 0.32. The asymmetric unit contains one third of a dizincheptabromo anion and a 
disordered N-hexyl-N-methylpyrrolidinium cation. A rigid body was used to refine the 
methylpyrrolidine moiety and restraints were required for the hexyl residue. The hexyl 
residue is disordered over at least two orientations. Unresolved disorder is reflected in large 
displacement parameters. The occupancies of the resolved disorder sites were refined and 
then fixed. The metal sites of the anion are located on a threefold axis, whereas the bridging 
bromo is slightly displaced from, and accordingly disordered about this axis. Presumably 
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reflecting steric constraints, the bromo displacement is not towards the nitrogen of the nearest 
N-hexyl-N-methylpyrrolidine cation. Instead the bromo is slightly displaced from the plane 
defined by the metal sites and the unique terminal bromo sites. 
 
The non-hydrogen atoms in the asymmetric unit were modelled with anisotropic 
displacement parameters, while a riding atom model with group displacement parameters was 
used for the hydrogen atoms. An ORTEP
[10]
 depiction of the molecule with 50% 
displacement ellipsoids is provided in Figure A3. The symmetry operators indicated by the 
atom label superscripts are (i) -y+1, x-y, z and (ii) -x+y+1, -x+1, z.  
 
 
Figure A3. ORTEP representation of the [C2MPyrr]2[Zn2Br7] crystal. 
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Table A17. Crystallographic details for the [C6MPyrr]3[Zn2Br7] crystal 
Formula of the Refinement Model C33H72Br7N3Zn2 
Model Molecular Weight  1201.04 
Crystal System  trigonal 
Space Group  P31c(#159) 
a  14.7234(2) Å 
b  14.7234(2) Å 
c  12.4759(3) Å 
 120º 
V  2342.17(8) Å3 
Dc 1.703 g cm-3 
Z  2 
Crystal Size   0.110x0.074x0.033 mm 
Crystal Colour  colourless 
Crystal Habit  tablet 
Temperature 150(1) Kelvin 
(Cu K)  1.5418 Å 
(Cu K)  8.429 mm-1 
Tmin,max  0.616, 1.00 
2max 153.69º 
hkl range  -18 18, -18 18, -15 15 
N  50065 
Nind 3280(Rmerge 0.0443) 
Nobs 2634(I > 2(I)) 
Nvar 141 
Residuals* R1(F), wR2(F2)  0.0536, 0.1646 
GoF(all)   1.234  
Residual Extrema -0.756, 0.971 e- Å-3 
*R1 = ||Fo| - |Fc||/|Fo| for Fo > 2(Fo); wR2 = (w(Fo
2 - Fc
2)2/(wFc
2)2)1/2 all 
reflections 
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Table A18. Non-Hydrogen Atom Coordinates,Isotropic Thermal Parameters and 
Occupancies 
atom  x   y   z   Ueq( Å2)   Occ 
Br(1)  0.6177(4)  0.3131(10)  0.3430(9)  0.1222(18)  0.3333 
Br(2)  0.4884(2)  0.2345(3)  0.5857(3)  0.1020(9)  1 
Br(3)  0.4881(2)  0.2332(3)  0.0988(3)  0.0996(9)  1 
Zn(1)  0.6667 0.3333 0.5361(5)  0.0703(15)  1 
Zn(2)  0.6667 0.3333 0.1497(5)  0.0724(18)  1 
N(1)  0.4839(16)  0.5178(15)  0.3458(19)  0.117(3)  1 
C(1)  0.466(3)  0.440(2)  0.2571(19)  0.142(5)  1 
C(2)  0.358(4)  0.338(3)  0.294(3)  0.165(7)  1 
C(3)  0.354(4)  0.365(4)  0.410(4)  0.165(7)  1 
C(4)  0.460(3)  0.463(3)  0.451(2)  0.142(5)  1 
C(5)  0.4229(18)  0.5717(17)  0.335(2)  0.103(4)  1 
C(6)  0.600(2)  0.592(2)  0.309(2)  0.151(8)  1 
C(7)  0.654(2)  0.677(3)  0.391(3)  0.180(12)  1 
C(8A)  0.769(3)  0.712(9)  0.389(6)  0.22(3)  0.4 
C(9A)  0.827(3)  0.775(7)  0.485(6)  0.246(17)  0.4 
C(10A)  0.760(4)  0.799(7)  0.557(5)  0.246(17)  0.4 
C(11A)  0.823(8)  0.888(7)  0.633(7)  0.246(17)  0.4 
C(8B)  0.766(3)  0.751(3)  0.358(5)  0.203(17)  0.6 
C(9B)  0.826(3)  0.835(3)  0.440(7)  0.246(17)  0.6 
C(10B)  0.791(5)  0.915(4)  0.445(5)  0.246(17)  0.6 
C(11B)  0.837(8)  0.988(6)  0.539(6)  0.246(17)  0.6 
 
Table A19. Hydrogen Atom Coordinates, Isotropic Thermal Parameters and Occupancies 
 atom   x   y   z   Ueq( Å2)   Occ 
H(1A)  0.5243 0.4251 0.253 0.17 1 
H(1B)  0.4578 0.4663 0.1867 0.17 1 
H(2A)  0.2971 0.33 0.2532 0.198 1 
H(2B)  0.3621 0.2728 0.2873 0.198 1 
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H(3A)  0.3383 0.3037 0.4546 0.198 1 
H(3B)  0.2964 0.3804 0.4185 0.198 1 
H(4A)  0.4482 0.502 0.5089 0.17 1 
H(4B)  0.5129 0.4442 0.4732 0.17 1 
H(5A)  0.3542 0.5235 0.3041 0.155 1 
H(5B)  0.4605 0.6329 0.2883 0.155 1 
H(5C)  0.4136 0.5946 0.406 0.155 1 
H(6A)  0.6366 0.552 0.301 0.181 1 
H(6B)  0.6003 0.6238 0.2385 0.181 1 
H(7A)  0.6251 0.65 0.4634 0.216 1 
H(7B)  0.6435 0.737 0.3751 0.216 1 
H(8A1)  0.7774 0.6494 0.3837 0.266 0.4 
H(8A2)  0.8007 0.7547 0.3233 0.266 0.4 
H(9A1)  0.8537 0.7357 0.5269 0.295 0.4 
H(9A2)  0.8887 0.8417 0.4616 0.295 0.4 
H(10A)  0.7127 0.736 0.5988 0.295 0.4 
H(10B)  0.7158 0.8174 0.5119 0.295 0.4 
H(11A)  0.7756 0.901 0.6774 0.369 0.4 
H(11B)  0.8658 0.8705 0.6788 0.369 0.4 
H(11C)  0.869 0.9519 0.5918 0.369 0.4 
H(8B1)  0.8016 0.7096 0.3469 0.244 0.6 
H(8B2)  0.766 0.7837 0.2891 0.244 0.6 
H(9B1)  0.9017 0.8706 0.4214 0.295 0.6 
H(9B2)  0.8171 0.8023 0.5111 0.295 0.6 
H(10C)  0.8124 0.9568 0.3778 0.295 0.6 
H(10D)  0.714 0.8786 0.4497 0.295 0.6 
H(11D)  0.8125 1.0387 0.5385 0.369 0.6 
H(11E)  0.8157 0.9477 0.6055 0.369 0.6 
H(11F)  0.9142 1.0259 0.5337 0.369 0.6 
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Table A20. Anisotropic Thermal Parameters ( Å2) 
 atom   U(1,1)   U(2,2)   U(3,3)   U(1,2)  
Br(1)  0.193(4)  0.136(7)  0.0533(11)  0.093(8)  
Br(2)  0.0738(15)  0.0979(18)  0.123(2)  0.0347(15)  
Br(3)  0.0785(16)  0.0976(18)  0.115(2)  0.0379(15)  
Zn(1)  0.080(3)  0.080(3)  0.051(2)  0.0401(13)  
Zn(2)  0.080(3)  0.080(3)  0.057(3)  0.0400(15)  
N(1)  0.158(9)  0.162(9)  0.085(5)  0.120(7)  
C(1)  0.209(12)  0.160(11)  0.113(7)  0.136(10)  
C(2)  0.211(13)  0.163(13)  0.181(12)  0.138(11)  
C(3)  0.211(13)  0.163(13)  0.181(12)  0.138(11)  
C(4)  0.209(12)  0.160(11)  0.113(7)  0.136(10)  
C(5)  0.137(10)  0.129(10)  0.078(8)  0.092(7)  
C(6)  0.168(11)  0.176(15)  0.160(19)  0.125(11)  
C(7)  0.190(16)  0.20(2)  0.19(3)  0.129(14)  
C(8A)  0.19(2)  0.21(7)  0.31(5)  0.13(2)  
C(9A)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
C(10A)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
C(11A)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
C(8B)  0.180(18)  0.21(2)  0.27(4)  0.133(17)  
C(9B)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
C(10B)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
C(11B)  0.25(2)  0.22(3)  0.32(4)  0.16(2)  
 
Table A21. Non Hydrogen Bond Lengths ( Å) 
 atom   atom   Distance   atom   atom   Distance 
Br(1)  Br(1)  1.086(8)  Br(1)  Br(1)  1.086(8) 
Br(1)  Zn(1)  2.490(11)  Br(1)  Zn(2)  2.492(11) 
Br(2)  Zn(1)  2.360(3)  Br(3)  Zn(2)  2.369(3) 
Zn(1)  Br(2)  2.360(3)  Zn(1)  Br(2)  2.360(3) 
Zn(1)  Br(1)  2.490(11)  Zn(1)  Br(1)  2.490(11) 
Zn(2)  Br(3)  2.369(3)  Zn(2)  Br(3)  2.369(3) 
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Zn(2)  Br(1)  2.492(11)  Zn(2)  Br(1)  2.492(11) 
N(1)  C(5)  1.471(15)  N(1)  C(4)  1.49(3) 
N(1)  C(1)  1.5169 N(1)  C(6)  1.57(3) 
C(1)  C(2)  1.62(6)  C(2)  C(3)  1.50(5) 
C(3)  C(4)  1.59(7)  C(6)  C(7)  1.504(7) 
C(7)  C(8A)  1.505(10)  C(7)  C(8B)  1.505(10) 
C(8A)  C(9A)  1.504(10)  C(9A)  C(10A)  1.504(10) 
C(10A)  C(11A)  1.504(10)  C(8B)  C(9B)  1.504(10) 
C(9B)  C(10B)  1.504(10)  C(10B)  C(11B)  1.504(10) 
 
Table A22. Non Hydrogen Bond Angles ( º ) 
     atom   atom   atom   angle atom  atom  atom  angle 
Br(1)  Br(1)  Br(1)  60.003(4) Br(3)  Zn(2)  Br(1)  110.1(3) 
Br(1)  Br(1)  Zn(1)  77.40(10) Br(3)  Zn(2)  Br(1)  91.17(19) 
Br(1)  Br(1)  Zn(1)  77.40(10) Br(1)  Zn(2)  Br(1)  25.2(2) 
Br(1)  Br(1)  Zn(2)  77.41(12) Br(3)  Zn(2)  Br(1)  110.1(3) 
Br(1)  Br(1)  Zn(2)  77.41(12) Br(3)  Zn(2)  Br(1)  91.17(19) 
Zn(1)  Br(1)  Zn(2)  150.8(2) Br(3)  Zn(2)  Br(1)  114.5(3) 
Br(2)  Zn(1)  Br(2)  113.38(13) Br(1)  Zn(2)  Br(1)  25.2(2) 
Br(2)  Zn(1)  Br(2)  113.38(13) Br(1)  Zn(2)  Br(1)  25.2(2) 
Br(2)  Zn(1)  Br(2)  113.38(13) C(5)  N(1)  C(4)  109(2) 
Br(2)  Zn(1)  Br(1)  109.9(3) C(5)  N(1)  C(1)  114.7(18) 
Br(2)  Zn(1)  Br(1)  90.80(17) C(4)  N(1)  C(1)  109(2) 
Br(2)  Zn(1)  Br(1)  114.1(3) C(5)  N(1)  C(6)  109.9(18) 
Br(2)  Zn(1)  Br(1)  90.80(17) C(4)  N(1)  C(6)  121(2) 
Br(2)  Zn(1)  Br(1)  114.1(3) C(1)  N(1)  C(6)  92(2) 
Br(2)  Zn(1)  Br(1)  109.9(3) N(1)  C(1)  C(2)  102(2) 
Br(1)  Zn(1)  Br(1)  25.20(19) C(3)  C(2)  C(1)  100(4) 
Br(2)  Zn(1)  Br(1)  114.1(3) C(2)  C(3)  C(4)  114(5) 
Br(2)  Zn(1)  Br(1)  109.9(3) N(1)  C(4)  C(3)  94(3) 
Br(2)  Zn(1)  Br(1)  90.80(17) C(7)  C(6)  N(1)  109(2) 
Br(1)  Zn(1)  Br(1)  25.20(19) C(6)  C(7)  C(8A)  108(3) 
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Br(1)  Zn(1)  Br(1)  25.20(19) C(6)  C(7)  C(8B)  110(3) 
Br(3)  Zn(2)  Br(3)  113.09(13) C(9A)  C(8A)  C(7)  112.8(14) 
Br(3)  Zn(2)  Br(3)  113.09(13) C(10A)  C(9A)  C(8A)  112.6(14) 
Br(3)  Zn(2)  Br(3)  113.09(13) C(9A)  C(10A)  C(11A)  112.8(15) 
Br(3)  Zn(2)  Br(1)  91.17(19) C(9B)  C(8B)  C(7)  112.9(14) 
Br(3)  Zn(2)  Br(1)  114.5(3) C(8B)  C(9B)  C(10B)  112.7(14) 
Br(3)  Zn(2)  Br(1)  110.1(3) C(11B)  C(10B)  C(9B)  112.8(14) 
Br(3)  Zn(2)  Br(1)  114.5(3) 
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